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1 Introduction 
Introduction 
1.1. Motivation 
Dendrimers and hyperbranched (hb) polymers possess a number of properties, which make 
them promising candidates for various biomedical applications. Thus, the ability of dendritic 
polymers to complex low- and high-molecular weight compounds supported the development of 
numerous polymer-based drug carrier devices.
1
 Biocompatibility and carrier properties of 
original polymers can be considerably improved by means of surface modification, formation of 
core-shell structures and higher hierarchically organised delivery systems. For this reason 
dendritic polymers with a sugar shell are of great interest in the field of life sciences. The 
multifunctional features of sugar moieties such as non-covalent specific interactions, their 
influence on biological processes, and enhanced biocompatibility are of importance for the 
development of polymeric therapeutics and diagnostics.
2-4
 
The formation of host-guest complexes is one of intrinsic properties of dendritic polymers 
tailored by the inside and outside complexation features of the dendritic scaffold. Application of 
host-guest complexes in drug delivery facilitates controlled delivery and release of drug guest 
molecules as well as increases biocompatibility of toxic drugs. However, it is still not completely 
clear which parameters influence the formation and stability of host-guest complexes that are 
formed by core-shell hb polymers. In literature there are few examples which exemplary show 
the general complexation features of different analytes.
5-12
 
Recently, self-assembly processes of hb polymers attracted attention in various biomedical 
areas. The unique architecture and properties of hb polymers provide numerous advantages in 
supramolecular self-assembly in comparison with the linear analogues.
13
 However, factors 
inducing self-assembly of host-guest complexes of core-shell polymers are still a question of 
attention. Despite the frequently mentioned aggregation behaviour of mixtures of dendritic 
polymers with guest molecules, only a few studies were devoted to its detailed investigation and 
to the control over the process. 
14-23
 
Furthermore, additional control over drug release of host-guest complexes might be achieved 
by their introduction into a specially designed thermo- and pH-responsive matrix.
24, 25
 Indeed, a 
number of studies was devoted to the application of composite hydrogels containing various 
nanoparticles as secondary delivery agents. Application of dendritic polymers as secondary 
delivery devices, which are loaded into a hydrogel matrix, may be the other way to take 
advantage of their multifunctionality and complexation capabilities. 
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2. Theoretical background 
2.1. Definitions 
Four major polymer systems are defined in accordance with their architecture
26
 (Figure 1): 
 linear chains; 
 cross-linked chains, forming a three dimensional structure; 
 branched polymers based on the long chain branching of linear coils; 
 dendritic polymers, namely (a) dendrimers, (b) hb polymers, (c) dendrigraft 
polymers, and (d) dendronised polymers. 
 
Figure 1. Major polymer structures.  
Within the frame of this chapter, two polymer architectures will be considered, cross-linked 
(exemplified by hydrogels) and dendritic (exemplified by hb polymers and dendrimers). 
2.2. Dendritic polymers 
Dendritic polymers (from the Greek dendron, that is, “tree”) are famous for the presence of 
characteristic tree-like (or snowflake-like) globular fragments in their structure (Figure 1). 
(I) Linear (II) Cross-linked (III) Branched
(IV) Dendritic
Dendrimer Hyperbranched
polymer
Dendrigraft Dendronised
polymer
3 Theoretical background 
Dendrimers are perfectly branched, three-dimensional monodisperse polymer molecules with 
a diameter of 1 to 20 nm. They consist of a multifunctional centre (core), several radially 
symmetrical layers (generations), and a variety of terminal functional groups (Figure 2). Despite 
the fact that the existence of dendrimers was theoretically predicted in 1941 by Flory
27-29
, the 
first dendrimer (poly(propylene imine)) was only synthesized in the late 1970s by Vögtle et al.
30
 
A few years later the work of Newcome et al.
31
 (aliphatic polyesters), Tomalia et al.
32
 
(poly(amido amine)s), and Fréchet et al.
33
 (polyethers) started an era of denditic polymers. As a 
result of laborious stepwise synthesis, dendrimers are well-defined monodisperse structures 
(Polydispersity index, PDI = Mw/Mn < 1.01) with well-predictable molecular weight. 
 
Figure 2. Schematic representation of a typical dendrimer structure.  
Hyperbranched polymers (this term was introduced by Kim and Webster
34
) are prepared in a 
one-pot synthesis and, as opposed to dendrimers, are less branched macromolecules with a rather 
high amount of linear units, structural irregularities and broad molecular weight distributions 
(PDI = 2-10, Figure 3).
26
 The characteristic of the “branching perfection” of hb polymers is the 
degree of branching (DB). It can be calculated in two different ways, according to Fréchet
35
 
(eq.1 ) and to Frey
36, 37
 (eq. 2): 
 
DLT
DT
DBFréchet


  (1) 
 
DL
D
DBFrey
2
2

  (2) 
where D, L, and T are the amount of dendritic, linear, and terminal groups in the structure of 
the polymer, respectively. For the perfectly branched dendrimers DB = 1. DB of hb polymers 
lies in the range from 0.4 to 0.7.  
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Figure 3. Schematic representation of a hyperbranched structure.  
However, as it was shown by Kline and Tucker,
10
 the complexation capabilities do not 
depend on the branching perfection of hb polymers. Thus, interactions of two similar polymers, 
hb poly(ethylene imine) with Mw 5,000 and 25,000 g/mol and its dendritic counterpart, 
poly(propylene imine) of the fourth and fifth generations, towards two guest molecules, nile red 
and phenol blue, were investigated. It was concluded that both the dendrimer and the hb polymer 
exhibited the same ability to effective uptake.
10
 
Dendrigraft polymers were introduced independently by Tomalia et al.
38
 and Gauthier and 
Möller
39
 in 1991. This type of dendritic polymers can be considered as a hybrid of both 
hyperbranched and linear polymers. During their synthesis not low-molecular-weight monomers, 
but polymeric chains are used as building blocks; and therefore, high molecular weight polymers 
can be produced with the size ranging from 10 nm to a few hundred nanometres and narrow PDI 
(Mw/Mn ≈ 1.1).
40
 Features of dendrigraft polymers are well-observed in the review of Teertstra 
and Gauthier.
40
 
Dendronized polymers were firstly described by Freudenberger et al.
41
 and Percec et al.
42
 in 
the early 1990s. Dendronized polymers consist of a long polymer chain with grafted on it pre-
synthesized dendrons. One of the main parameters that differ dendronized polymers among 
others is a very high aspect ratio in comparison with dendrimers. Thus, dendronized polymers 
may exist in sub-µm coils with a diameter of several nm. Their properties were discussed in 
detail in the review of Schlüter and Rabe.
43
 
5 Theoretical background 
2.2.1. General synthetic pathways of dendritic polymers 
Two general pathways to synthesise dendrimers were established: the divergent approach 
invented by Tomalia et al.
32
 and Newcome et al.
31
 and the convergent approach by Fréchet et 
al.
33
 According to the divergent approaches, the dendrimer’s synthesis starts from a 
polyfunctional core on which in a series of successive stages of the same type the stepwise layer-
by-layer addition of the building monomer blocks occurs. However, application of this strategy 
means that numerous reactions have to be performed to obtain high-molecular weight polymer. 
Consequently, the probability of the appearance of any defect in the structure of the dendrimer 
grows in the geometrical progression with the increase of the generation number. 
In the convergent approach, the synthesis starts from the building of single branched units, 
dendrons, which are later attached to a polyfunctional core. A lower number of coupling 
reactions is required in this case, and it is apparently easier to prepare defect-free dendrons than 
the entire dendrimer molecule. Therefore, “more perfectly” branched polymers can be achieved. 
However, due to steric hindrance the yields for dendrimers dramatically decrease with the 
increase of the generation number. Moreover, the two most popular commercially available 
dendrimers (PAMAM and poly(propylene imine)) are synthesized using the divergent approach. 
Synthesis of hb polymers requires much less efforts in comparison with that of dendrimers. 
As a rule it can be performed as a one-step “one-pot” reaction without additional protecting and 
de-protecting steps. Due to this fact, it is much easier to synthesize hb polymers in large scale. 
Therefore, they are much wider presented on the market and are known as Polymin
®
 and 
Lupasol
®
 (poly(ethylene imines); BASF AG,  Ludwigshafen, Germany), Hybrane
®
 (poly(ester 
amides); DSM Fine Chemicals, Geleen, Netherlands), Boltorn
®
 (aliphatic polyesters; Perstorp 
Group, Perstorp, Sweden), and Polyglycerol
®
 (aliphatic polyethers; Hyperpolymers GmbH, 
Freiburg, Germany). Thus, hb PEI is synthesized via an acid catalyzed ring-opening 
polymerization of aziridine in hot water or organic solvents by slowly adding a monomer  
(Figure 4).
44, 45
 Due to higher reactivity of secondary amino groups in comparison with primary 
amino groups, linear units of PEI react with aziridine faster than tertiary units.
46, 47
 Therefore, hb 
polymers with a relatively high degree of branching are usually obtained (DB = 63.8-70.6 %).
12
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Figure 4. Synthesis of hyperbranched poly(ethylene imine) with an activated aziridine used as a starter.  
2.2.2. Application of hyperbranched polymers 
The spherical shape, the high amount of terminal functional groups, and the branched 
structure are the main features of hb polymers that define their physico-chemical properties (high 
solubility and thermal stability, ability to complex low-molecular weight molecules or 
interaction with high-molecular weight molecules) and applications. Hb polymers mostly find 
their application in coatings,
48
 additives,
49
 catalysis,
50
 biomedical applications,
1, 13, 24, 51
 and 
optoelectronics.
52
 
2.2.3. Host-guest properties of dendritic (core-shell) polymers 
Potential of dendritic polymers in the formation of host-guest complexes. The unique 
three-dimensional structure of hb polymers and dendrimers with a high content of functional end 
groups and branched structure defines their inherent properties. Thus, the flexibility of dendritic 
chains allows physical entrapment and retention of guest molecules. Therefore, host-guest 
chemistry employing dendritic polymers as hosts can be realized. 
Newcome et al.
53
 first proved the hypothesis on the example of the encapsulation of 
hydrophobic phenol blue (PB) and diphenylhexatriene in the scaffold of a water-soluble 
amphiphilic dendrimer (micellanoic acid) in 1991 (Figure 5). Indeed, in the presence of the 
dendrimer in solution, a bathochromic shift in the UV-Vis spectrum of PB was observed 
indicating hydrophobic interactions between the host and the guest molecules. 
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Figure 5. Structure of unimolecular micelle called micellanoic acid.
53
 
Core-shell architectures. Meijer and co-workers
54, 55
 demonstrated the importance of the 
steric factor on the example of encapsulation of rose bengal (RB) and p-nitrobenzoic acid into 
the hydrophilic interior of the hydrophilic poly(propylene imine) dendrimer from 
dichloromethane in 1994. After the initial complexation step free amino groups of the dendrimer 
were modified with t-Boc-protected amino acids. Since a perfectly branched dendrimer was used 
in the investigation, the reactive primary amino groups were presented only at the periphery of 
its molecules (Figure 6). Therefore, a dense shell was formed around the polyimine core leading 
to a so-called core-shell structure. The formation of the dense shell around the PPI core resulted 
in the almost complete suppression of the guest release. As the encapsulated guest molecules 
were tightly trapped inside the host system, this system was further on called a “dendritic box”. 
However, the release of the smaller guest molecules (p-nitrobenzoic acid) was performed by 
acidification of the solution due to the cleavage of the amide bonds. 
Theoretical background  8 
 
 
Figure 6. Dendritic box of Meijer based on poly(propylene imine) dendrimer (G5) with t-Boc-protected 
phenylaniline shell.
54
 
At this point, a general distinction between core-shell dendrimers and hb polymers should be 
done. Indeed, perfectly branched polymers have reactive terminal groups only on their surface. 
Therefore, the polymer’s modification leads to the formatio n of a shell around the core, 
while the internal structure remains unchanged (Figure 7a). Hb polymers, however, have reactive 
terminal and linear groups not only on the surface but also within its scaffold due to imperfection 
of their architecture. Therefore, the formation of a core-shell structure can lead to a change in 
flexibility of the polymer chains and the properties of the internal microenvironment (Figure 7b). 
These changes can, however, lead to the alteration of interactions with guest molecules. 
9 Theoretical background 
 
Figure 7. Schematic representation of core-shell polymers based on (a) perfectly branched polymers and 
(b) hyperbranched polymers. 
The “core-shell” approach, where the initial dendritic polymer is modified to achieve desired 
physical or biological properties, and to extract guests from an organic phase into an aqueous 
one and vice versa was broadly applied. For instance, Lin et al.
56
 prepared an amphiphilic 
biodegradable star-shaped polymer by Sn(Oct)2-catalyzed ring opening polymerization of ε-
caprolactone with hb poly(ester amide) as macroinitiator. Due to the presence of the hydrophilic 
core and the hydrophobic shell, the polymer had good encapsulation characteristics of polar 
guests (congo red, methyl orange, bromophenol blue) in CHCl3. Türk et al.
57
 used a hb 
polyglycerol modified with hydrophobic biphenyl groups in the proximity of the core to 
solubilise hydrophobic guest molecules. The presence of the electron-rich biphenyl derivative in 
the structure of the polymer enabled specific π-π interactions with the electron-poor aromatic 
ring of the applied guest molecules (nimodipine) that was confirmed by a strong bathochromic 
shift observed in the UV-Vis spectrum of the host-guest complex. 
The presence of a shell can even change the complexation properties of core moieties. Thus, 
Zarrabi et al.
58
 prepared a hybrid system which contained a β-cyclodextrin core and a hb 
polyglycerol shell. This material formed molecular inclusion complexes with small hydrophobic 
guest molecules such as ferrocene or fluorescein isothiocyanate (FITC). Interestingly, 
conjugation of polyglycerol to the core improved the inclusion capabilities of the β-cyclodextrin 
cavity. Thus, only after the conjugation β-cyclodextrin became able to encapsulate guest 
molecules such as FITC. 
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A core-shell structure can be achieved not only by covalent, but also by simple electrostatic 
interactions. Thus, Lou et al.
59
 prepared a supramolecular core-shell complex by simple mixing 
hb PEI with a solution of amphiphilic calix[4]arene in chloroform. Due to the presence of both 
cationic and anionic groups in the core and the shell, respectively, the complex showed the 
ability to load both anionic (methyl orange) and cationic (methyl blue) water-soluble dyes. 
 
Figure 8. Formation of supramolecular nanocarriers and their hetero-guest encapsulation in the site-isolation state.
59
 
The formation of a multi-shell structure allows complexation of different types of guest 
molecules within its scaffold. Burakowska and Haag
60
 tested the ability of a core-double-shell 
polymer consisting of a hb polyglycerol core, an aliphatic hydrophobic inner shell, and a hb 
poly(glycerol)-based hydrophilic outer shell to host polar (rose bengal and congo red) and non-
polar (nimodipine, nile red, and pyrene) guest molecules in water. Ternat et al.
61
 used a core-
double-shell polymer with a hb poly(ester) core, a hydrophobic inner shell from ε-caprolactone, 
11 Theoretical background 
and a hydrophilic outer shell from poly(acrylic acid) to encapsulate various hydrophobic 
fragrance molecules.  
Influence of various factors on host-guest interactions of core-shell polymers. Different 
types of interactions can lead to strong retention of guest molecules in cavities of a dendritic 
host. Among them are electrostatic,
62
 π-π,
57
 and hydrophilic/hydrophobic
61, 63
 interactions as well 
as steric hindrance
58
 and hydrogen bonding.
64
 Different sites of a host system can participate in 
the complexation process, either a core, or branching units, or even peripheral end groups. 
Therefore a number of internal and external factors influence the stability of host-guest 
complexes and interactions between hosts and guests. 
The ratio between guest and host molecules (the G/H ratio). Baars et al.
65
 investigated 
interactions between an oligoethyleneoxy-functionalized PPI dendrimer and RB both by UV-Vis 
and SAXS measurements. It was shown that encapsulation of RB led to the change in the SAXS 
profile of the dendrimer due to shrinkage of dendrimer molecules and a bathochromic shift in the 
UV-Vis spectrum of the dye. It was suggested that at low G/H ratios formation of intramolecular 
complexes with the guest molecules located in the close proximity to the core took place. 
However, with an increase of G/H and saturation of the core RB was preferably located on the 
shell of the polymer (Figure 9). This suggestion was later proven on the example of a PAMAM 
dendrimer of the sixth generation. Klajnert et al.
66
 used a double fluorometric titration method to 
show that PAMAM has two binding sites for the interactions with guest 1-anilinonaphthalene-8-
sulfonate, the internal cavities, and the surface. Similar conclusions have been drawn by Liang et 
al.
5
 who modified hb PEI with poly(ethylene oxide) monomethyl ether and poly(styrene) chains. 
The polymer existed in the form of core-double-shell particles and unimolecular micelles in 
aqueous and organic phases, respectively. The polymer showed the ability to encapsulate both 
polar (rose bengal, methyl orange) and nonpolar (pyrene) guests which was proven by shifts in 
their UV-Vis and fluorescence spectra. Complexation capacities of the carrier and strength of 
host-guest interactions depended on the G/H ratio; the interactions were strong at the low ratios 
and weak at the high ratios. It was suggested that the guest molecules existed in two positions, in 
the polymer scaffold (bound by strong interactions) and on the surface (bound by weak 
interactions). 
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Figure 9. Schematic representation of ratio-dependent interactions of a core-shell host with guest molecules. After 
the saturation of internal cavities guest molecules are bound onto the polymer’s surface.  
Thickness of the shell. Tang et al.
6
 extracted the hydrophilic guest methyl orange (MO) into 
the organic phase using amphiphilic hb poly(ester amine) modified with aliphatic acid chlorides. 
It was shown that with an increase of the length of the alkyl chains in the modified polymers 
both the transfer capability and the intermolecular aggregation at the interface were enhanced. 
An interesting effect was observed by investigation of the host-guest system at the different G/H 
ratios. Thus, the more guest molecules reacted with the polymer, the more hydrophobic became 
the formed host-guest complex. When the complex became too hydrophobic to stay at the 
interface, it returned to the organic layer and successfully transferred hydrophilic MO molecules. 
It could be supposed that interactions between hydrophilic moieties of the polymer and guest 
were stronger than those with surrounding water molecules. Therefore, with an increase of the 
G/H ratio in a newly formed host-guest complex H-bonding interactions of the polymer with 
water molecules became more and more weak. 
Xia et al.
67
 prepared a core-double-shell polymer consisting of a dendritic hydrophilic 
polyester core, a linear hydrophobic poly(ε-caprolactone) inner shell, and a hb hydrophilic 
polyglycerol outer shell and tested its encapsulation capabilities on both polar and nonpolar 
model guest molecules, pyrene and indomethacin, respectively. It appeared that the size of the 
inner linear shell defines the amounts of hosted molecules, while the outer hb shell affects the 
kinetics of the uptake and release processes. Cao et al.
7
 came to the same conclusion by 
investigating a core-shell polymer with a PEI core, a poly(ε-caprolactone) inner shell, and 
methacrylate end groups.  
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Figure 10. Structure of a core-double-shell polymer with a polyester core, a linear hydrophobic poly(ε-caprolactone) 
inner shell, and a hyperbranched hydrophilic polyglycerol outer shell.
67
 
Influence of a guest’s counterion. By investigating interactions between crosslinked hb 
polyglycerol nanocapsules and sodium and cesium salts of rose bengal Burakowska et al.
8
 
showed that not only the type of a core or a shell determines the stability of the ionically formed 
host-guest complexes, but also a counterion of the guest molecule. Thus, sodium salt of RB 
formed much more stable complexes with the polymer than that of cesium. 
pH of the solution. Yang et al.
62
 investigated interactions of a fully acetylated PAMAM 
dendrimer with dexamethasone 21-phosphate using various NMR techniques. A strong influence 
of pH on the type of interactions between the host and the guests as well as on the location of 
GMs was found. Thus, at neutral pH tertiary amino groups in the dendrimer cavities were 
noncharged, and no intermolecular interactions between the dendrimer and the guest molecules 
were observed. However, at acidic pH conditions ionisation of tertiary amine groups provided 
strong ionic interactions between the dendrimer cavities and guest molecules. 
Mutual influence of guest molecules. Liu et al.
9
 investigated the loading capacities of 
palmityl chloride-modified hb polyamidoamine and poly(sulfone-amine) towards methyl orange 
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and methyl blue. It was shown that in the presence of both types of guests in solution the loading 
capacities of the hosts tremendously increased (up to 100 times). The synergistic encapsulation 
can be explained by electrostatic acid-base interactions among the dyes and the polymer, and the 
interactions between different dyes. 
Chemical structure of the guest. The location of guest molecules depends on the 
characteristics of both the core-shell polymer and the guest molecules. Thus, it was shown that 
phenol blue was associated within the core region of hb PEI, while nile red interacted mostly 
with the surface groups. Therefore, the association of the former guest with the polymer was 
stable, the association of the latter guest with the polymer was weak.
10
 
Wan et al.
68-70
 alkylated hb PEI and further modified it to introduce strong anionic or cationic 
groups in its structure. The polymer with statistically distributed charged groups was applied for 
fuzzy recognition of anionic and cationic dyes based on a number of non-specific (electrostatic, 
hydrophobic, ion-dipole, dipole-dipole, and H-bonding) interactions. For instance, efficient 
liquid-liquid extraction of RB from a mixture with MO was demonstrated. Using the same 
polymer at concentrations high enough to obtain 40-50 nm aggregates, Wan et al.
71
 carried out 
selective complexation of dye molecules based on the rigidity of their structure. Thus, those 
molecules that had a conjugated rigid structure were not complexated by the polymer. However, 
larger, but non-rigid molecules were successfully encapsulated. 
Inclusion complexes. Specific host-guest interactions between monomers, which are used to 
build up the hb structure, and guest molecules can be utilized for encapsulation and delivery of 
drug molecules with a proper size. Thus, Chen et al.
72
 applied the ability of β-cyclodextrin to 
form inclusion complexes with rhodamine B by the synthesis of β-cyclodextrin-modified hb 
poly(amido amine)s. Tian et al.
73, 74
 took advantage of the ability to form host-guest complexes 
both by single β-cyclodextrin and hb polymers. They synthesized an amphiphilic hb polymer 
with a hydrophobic hb poly(β-cyclodextrin) core and a hydrophilic poly(N,N-
dimethylaminoethyl methacrylate) shell. As a result, two different guests, phenolphthalein and 
levofloxacin lactate, were selectively encapsulated in and released form hydrophobic internal 
cavities of β-cyclodextrin units and the spaces between polymer chains of the core, respectively 
(Figure 11). 
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Figure 11. Schematic representation for possible (a) encapsulation and (b) release mechanisms of an amphiphilic 
hyperbranched polymer with a hydrophobic hyperbranched poly(β-cyclodextrin) core.
73
 PP – phenolphthalein,  
LL – levofloxacin lactate. 
Shell density. Kitajyo et al.
11
 investigated the encapsulation capacity of hydrophilic hb 
polythreitol modified with hydrophobic trityl groups towards RB. It was shown that both 
encapsulation and release properties of the complexes were in dependence on the degree of 
substitution (DS) of the trityl groups, and consequently the hydrophobicity of the shell. Since the 
polymer with too low DS was not stable in the solution, an increase of DS led to higher solubility 
and consequently higher encapsulation capacities. It should be also mentioned, that the 
investigated DS were relatively low and lay in the range of 15.7 % to 23 %. 
Xu et al.
75
 used mono- or trisubstituted PEG-ylated benzaldehydes to modify hb PEI. 
Encapsulation properties of two polymers with the same DS (DS > 99 %) were compared. It was 
shown that density of the PEG shell was crucial for the amount of complexed hydrophilic guests. 
Thus, the polymer with three PEG chains encapsulated two to four times more RB than that with 
the monosubstituted PEG chains. Similar results were obtained for hb PEI with different DS with 
trisubstituted PEG-ylated benzaldehyde. Thus, for the DS of 100 % the encapsulation was two 
times higher than that for the DS of 25 %. However, it should be mentioned that the used 
synthetic procedure supposed only the functionalization of primary amino groups, but not 
Selective 
Encapsulation
The f irst 
release stage
The second 
release stage
PP   LL
a)
b)
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secondary ones. 
Appelhans et al.
12
 modified hb PEI by a reductive amination reaction with various 
oligosaccharides. It was shown that the obtained core-shell polymers were able to complex 
anionic molecules such as ATP. Complexation capacities of the polymers were dependent on the 
size of the core, the length of the oligosaccharide, and the density of the sugar shell. Thus, the 
polymer with the lowest DS (~16 %) complexed 60 molecules of ATP, whereas the one with the 
highest DS (~77 %) encapsulated only 40 ATPs. The observed difference in the complexation 
capabilities was attributed to the different penetration abilities of ATP molecules through the 
open and dense oligosaccharide shells (characterised by the DS = ~16 and ~77 %, respectively) 
of polymer macromolecules. It was supposed that ATP molecules could not penetrate through 
the dense maltose shell of the polymer macromolecules with the DS = ~77 % and then strongly 
interact with the polyimine core. On the contrary, the loose shell of the polymer macromolecules 
with the DS = ~16% enabled penetration of ATP molecules to the core. Lower complexation 
capacity of the hb polymer with the dense shell can be also attributed to the fact that additional 
modification of hb PEI chains led to a decrease in their flexibility and, consequently, ability to 
create larger (or more) spaces filled with guest molecules. 
2.2.4. Self-assembly processes of hyperbranched polymers and dendrimers 
Aggregation of amphiphilic block copolymers is a common phenomenon. For core-shell 
dendritic polymers it was mentioned already in the first work devoted to their synthesis in 
1991.
53
 Core-shell polymers with a hydrophobic core and a hydrophilic shell and those with the 
reversed structure consisting of a hydrophilic core and a hydrophobic shell self-assemble into a 
variety of forms, such as bulk aggregates,
76, 77
 micelles,
78, 79
 vesicles,
7, 80-82
 tubes,
83
 or fibers,
84, 85
 
depending upon a number of factors. Aggregation processes were observed both in aqueous
67
 
and organic
11
 solutions. Self-assembly of polymers can lead to some important consequences. 
Formation of additional cavities between macromolecules can lead to the increased complexation 
capacity of hosts. Thus, Cao et al.
7
 showed that the crosslinked vesicles based on a core-shell 
polymer could encapsulate 2-4 times more (in weight equivalent) guest molecules than the same 
mass of the non-aggregated polymer.  
Several parameters control self-assembly of hb core-shell polymers:  
 Molecular weight;86, 87 
 Hydrophilic fraction;88 
 Copolymer composition (degree of substitution and thickness of the shell);7, 79, 89-91 
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 Polymer concentration; 7, 57, 89, 91 
 Environmental stimuli (pH,92, 93 temperature,94 salt concentration,95 and light 
irradiation
77
); 
 Specific interactions (π-π conjugation81, 96, host-guest recognition83); 
 Degree of branching.76 
More detailed self-assembly processes of hb polymers are described in the reviews of Yan
13, 
97
 and Imae.
98
 
Binary self-assembly. Binary self-assembly requires the presence of at least two different 
components in solution that form aggregates by mutual specific or non-specific interactions. 
The following substances are often used as a binary component to hb polymers for self-
assembly processes: 
 Macromolecules (proteins, DNA, and synthetic polyelectrolytes); 
 Metal ions and nanoparticles; 
 Low molecular weight molecules (surfactants, hydrophilic drugs, and dyes). 
Macromolecules as binary components. Self-assembly of cationic polymers and anionic 
DNA results in non-charged/cationic micelle-like structures (polyplexes) with minor/high excess 
of the polymer. DNA in polyplexes is protected from extracellular and intracellular degradation. 
However, a strong positive charge of a polymer can lead to undesirable consequences. Thus, 
offering the highest positive charge density among all synthetic cationic polymers for gene 
delivery, hb PEI assembled with DNA into <200 nm particles.
13
 As it was shown by Krämer et 
al.,
99
 hb PEI is characterised by high cytotoxicity, though. However, Höbel et al.
100
 demonstrated 
that modification of PEI with various sugar molecules considerably reduced cytotoxicity of 
assemblies with siRNA as compared to PEI complexes.  
Metal ions as a binary component. Pietsch et al.
101, 102
 showed that amino-terminated PPI 
dendrimers assembled in micrometer-long nanofibers in the presence of Cd
II
 cations. Indeed, 
cations from the d block of the periodic table are able to form multiple coordination bonds with 
amines. Therefore, they could play the role of non-covalent linkers between dendrimer 
molecules in solution. Preferable growth of long fibers was explained by the presence of the 
remaining cationic charges on the sides of fibers and therefore repulsive interactions between 
them (Figure 12).  
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Figure 12.  Schematic illustration of dendrimer self-assembly resulting in the formation of various hybrid structures. 
a) Unidirectional self-assembly of PPI dendrimer as a function of pH and the addition of Cd(II) salt. b) Cd(II)@PPI 
dendrimer nanofibers template CdSe particles into hybrid nanofibers. c) Metallisation of PPI-G4@CdSe nanofibers 
with gold nanoparticles.
102
  
Franc et al.
103
 demonstrated that phosphorus-containing dendrimers with tri-olefinic 
azamacrocycles as end groups successfully linked together Pt nanoparticles in hb networks of 
assembled particles of several 100 nm scale. Morikava et al.
104
 synthesized hb polystyrene with 
terminal (N,N-diethylamino)dithiocarbamoyl groups that was insoluble in water. However, when 
introducing them into a solution of silver nitrate, spontaneous formation of nanospheres was 
induced. It was supposed that coordination of Ag
I
 ions to dithiocarbamoyl groups led to charging 
of the polymer’s surface driving self-assembly into nanospheres. As an example of application, 
hydrophobic tetraphenylporphyrin was successfully complexed by the formed nanoparticles. 
Low molecular weight organic molecules as binary components. Various types of guest 
influence can be considered as the main factor of binary self-assembly in the presence of low 
molecular weight organic molecules: 
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 Formation of a hydrophobic layer around polymer molecules; 
 Suppression of H-bonding interactions of hydrophilic polymer moieties with 
surrounding water molecules by preferable interactions with the binary component; 
 Intermolecular crosslinking of polymer molecules by means of electrostatic, 
hydrophobic, or specific non-covalent interactions between (at least) two polymer and 
(at least) one binary component molecules; 
 Neutralization of the polymer’s charge by means of electrostatic interactions between 
the charged groups of the polymer and the oppositely charged groups of the binary 
component. 
Intermolecular crosslinking. Host-guest inclusion complexation of β-cyclodextrin- and 
adamantyl-modified blocks is a common method for the preparation of self-assembled 
aggregates. Böhm et al.
83
 showed how specific host-guest interactions between β-cyclodextrin- 
or adamantyl-modified hb PEI and corresponding modified fluorescent dye calcein led to the 
formation of tubular double-shell vesicles with mean hydrodynamic diameters of 88 to 163 nm 
in water. Indeed, the modified dye played a role of a non-covalent crosslinker between the 
molecules of the polymer. To be precise, it should be mentioned that at the point of publishing 
critical feedback on the article was received. Thus, it was suspected that the observed structures 
are a result of the possible contamination of the samples with bacteria. 
 
Figure 13. Cryo-TEM and schematic representation of tubular vesicles prepared from (a) cyclodextrin-modified PEI 
(blue) and adamantyl-modified calcein (green), and (b) adamantyl-modified PEI (blue) and cyclodextrin-modified 
calcein (green).
83
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Burakowska et al.
60
 mentioned the formation of uniform aggregates with a diameter of 70 nm 
and extended drug loading capacities by mixing polar dyes rose bengal and congo red with a 
core-double-shell polymer with a hydrophilic outer shell. It was suggested that dye molecules 
were preferably located on the outer shell of the polymer and thus could act as noncovalent 
linkers between molecules. Krämer et al.
14
 investigated the interactions between the hb PEI 
modified with different fatty acids as a carrier of anionic dyes (Congo red) from the aqueous to 
organic phase. Among other results it was mentioned that above the critical concentration 
formation of dye-rich aggregates of 150-400 nm took place. Their formation was connected with 
the intramolecular crosslinking of the internal amines with the two negative charges of congo 
red. Cheng et al.
105
 came to the same conclusions in the investigation of interactions of a 
PAMAM dendrimer with a hydrophobic anticancer drug methotrexate, which carries two anionic 
charges. By mixing the polymer, the drug, and SDS, formation of aggregates was observed. 
Bearing in mind the results of the NOESY, DLS, and AFM experiments the authors concluded 
that formation of a self-assembled triple dendrimer-surfactant-drug system took place.  
Gröhn et al.
15-23
 performed a broad investigation of electrostatic self-assembly of PAMAM 
and organic counterions into supramolecular architectures. It was shown that π-π stacking of 
aromatic guest molecules is a powerful tool in preparation of stable self-assembled aggregates of 
dendrimers. Thus, by mixing PAMAM of the 4
th
 generation with excess of 1,4- or 2,3-
naphthalene dicarboxylic acids (G/H = 128) stable aggregates with sizes up to 100 nm were 
found.
15
 It is notable that the position of the carboxylic substituents defined the shape of the 
aggregates. Thus, cylindrical and spherical particles were found when  1,4- and 2,3-substituted 
naphthalene was used, respectively. The major influence of π-π stacking on the aggregation 
process was proven by UV-Vis measurements. Indeed, a shift of the spectrum of 1,4-naphthalene 
dicarboxylic acid indicated the formation of J-aggregates with head-to-tail orientation. 
Stable aggregates were also obtained for the mixtures of PAMAM with the anionic water-
soluble divalent azo dye acid red 26 (AR26).
16
 The charge ratio of sulfonate and protonated 
amine groups was crucial for the stability of the aggregates. Thus, in excess of the dendrimer, 
PAMAM existed in the form of single particles. On the contrary, in excess of the dye, time-
dependent growth of aggregates took place. Only around charge stoichiometry stable cylindrical 
aggregates were observed. It was supposed that the formation of ladder-type H-aggregates of 
AR26 being complexed with PAMAM was responsible for the specific form of the obtained 
aggregates. 
Counterion nature, geometry, and loading ratio determine the shape of assemblies. Thus, 
quantitative formation of stable aggregates of defined size was found only by assembling 
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PAMAM with stiff and/or aromatic rather than flexible multivalent organic counterions.
22
 Thus, 
almost no aggregates were found in mixtures of PAMAM with various aliphatic disulfuric acids. 
On the example of different dyes with the same backbone (AR18, 26, 27, and 44, Figure 14) the 
influence of the number and position of charges on the shape of the aggregates was shown. Thus, 
divalent AR26 formed cylindrical aggregates with 225 nm length and a noncircular cross section 
of 30~60 nm, while more hydrophobic divalent AR44 formed only spherical aggregates of 
120 nm diameter. Trivalent AR27 existed in the mixtures with PAMAM solely in the form of 
ellipsoids of 200 nm length and 100 nm diameter, while trivalent AR18 with the same backbone 
but different position of a sulphuric acid substituent only partially existed in the form of 
spherical aggregates. The presence of various shapes (spherical, ellipsoidal, and cylindrical) was 
connected mostly with different strengths of secondary interactions of the aromatic counterions. 
Thus, larger mutual π-overlap energy of AR26 caused the formation of anisotropic cylindrical 
aggregates, while in the other dye-dendrimer assemblies the interplay of localized charges, 
geometrical constraints, and stacking was more complicated.
22
  
A set of guest molecules with the same aromatic backbone but different geometry and 
substituents was used to answer the question which molecular parameters of guests are important 
for interconnecting dendrimer molecules into nanoparticles rather than forming host-guest 
complexes.
106
 Thus, all dyes with the charged groups located at one side of the molecule and 
spatially separated unsubstituted aromatic residues were able to form nanoparticles (AR26, 
AR27, AR44; Figure 14). In addition, when the charges were located toward the centre of the 
dye molecule, smaller assemblies were formed. It is interesting that almost no influence of the 
anion valence on the size of the nanoparticles was observed. Finally, all investigated divalent 
dyes being labile to self-aggregation showed the strong ability to interconnect dendrimers into 
assemblies. Therefore, aggregates of 20-50 nm size (diameter of applied PAMAM is 4.6 nm) 
with zeta potential values between 44 and 67 mV were obtained. Dyes that did not fulfil the 
previously mentioned requirements (ABDS; RAc, and NHSSuA; Figure 14) could form 
aggregates only at a very high polymer concentration, which precipitated after several hours.  
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Figure 14. Azo dye building blocks for the investigation of electrostatic self-assembly processes.
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The size of the polyelectrolyte backbone, however, did not have any strong influence on the 
assembly formation as it was exemplified by various generations of a PAMAM dendrimer.
21
  
The hydrophilic/hydrophobic balance of the applied guest molecules is crucial for the size 
distribution of obtained nanoparticles and can be used as a control trigger. Thus, by irradiation 
with UV light anionic diazo dyes acid yellow 38 or direct yellow 12 could be converted from the 
trans-form to the cis-isomer. With the number of charges maintained, a trans-cis conversion led 
to an increase of polarity and hydrophilicity of the dyes. For this reason, a cis-dye was more 
hydrated than the trans-isomer. A higher degree of hydration of the cis-isomer led to an 
increased affinity of interactions with the water phase and less favourable interactions by self-
stacking. Therefore, the size of the self-assembled particles consisting of a PAMAM dendrimer 
and the dye was controlled by irradiation with UV-light. UV-light irradiation caused trans-cis 
isomerisation of the dye; and therefore, weakening of mutual interactions of the dye molecules 
and size increase of the particles from 30 to 250 nm.
20, 23
 
Formation of a shell with different polarity. Sun et al. formed narrowly-distributed 
polymeric micelles (130-190 nm) upon mixing adamantyl-modified hb polyether and β-
cyclodextrin in aqueous media.
107
 This case can be considered both as an example of the binary 
self-assembling process and non-covalent formation of a core-shell polymer.  
Wang et al.
108
 investigated mixtures of amine- or hydroxyl-terminated PAMAM dendrimers 
and anionic surfactant SDS by DLS. It was shown that an increase of the surfactant’s 
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concentration and therefore the G/H ratio led to gradual aggregation, precipitation, and in the 
case of hydroxyl-terminated PAMAM redispersion of dendrimer  macromolecules (Figure 15). 
Two types of interactions, ionic and hydrophobic, were considered to be implicated in the 
aggregation processes. At low concentration SDS molecules were attached to single PAMAM 
molecules by means of electrostatic interactions. With an increase of the SDS concentration 
gradual aggregation and precipitation of the complexes took place as a result of hydrophobic 
interactions of SDS bound to different PAMAM molecules. However, further increase of the 
SDS concentration (> 10 mM) led to redispersion of the hydroxyl-terminated dendrimers by 
formation of smaller particles between PAMAM-SDS and micellar SDS. The authors explained 
the observed difference in the polymers’ behaviour from the point of different complexation 
capacities of the amine- and hydroxyl-terminated dendrimers. The former one was characterised 
by higher surface charge and could bind more SDS molecules than the latter one. Higher amount 
of SDS molecules on the surface led to stronger hydrophobic interactions between the 
complexes. Therefore, the complexes of amine-terminated PAMAM and SDS could not be 
redispersed by interactions with micellar SDS. It should be noted that Cheng et al.
105, 109-112
 
extensively investigated interactions between the amine-terminated PAMAM dendrimer and 
anionic surfactants, particularly SDS. It was shown that at a high enough concentration of SDS 
PAMAM could form supramolecular aggregates with micellar SDS. However, no precipitation 
was mentioned. 
 
Figure 15. Dependency of hydrodynamic radius Rh on the SDS concentration in 0.2 mM PAMAM dendrimer 
solutions. (a) (filled circle) amine-terminated PAMAM; (b) (open circle) hydroxyl-terminated PAMAM.
108
  
Shift of hydrophilic-hydrophobic balance. Kurniasih et al.
91
 synthesized hb polyglycerol 
containing hydrophobic biphenyl groups or perfluorinated chains. As a classic amphiphilic 
polymer it formed aggregates with a diameter of 20 nm above the critical aggregation 
concentration (CAC). However, only in the presence of hydrophobic nile red the polymer-dye 
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complexes formed so-called supramolecular aggregates with a diameter of 200 nm. It can be 
supposed that the interactions between the polymer and the guest affected the total 
hydrophobicity of the system. Another important conclusion from these experiments is the 
influence of the aggregation on the encapsulation properties of the carrier. Thus, the polymer 
was unable to encapsulate guest molecules below the CAC. 
2.3. Application of hydrogels for delivery of biomacromolecules 
Gels are three-dimensional networks capable of adsorbing high amounts of solvent. Flory 
classified all gels into four different classes:
113
 
 Chemically crosslinked polymeric networks; completely disordered; 
 Physically aggregated polymeric networks; predominantly disordered, but with 
regions of local order; 
 Ordered lamellar gels; well-ordered; 
 Particulate disordered gels (e.g., fibrillar or reticular precipitates, aggregated globular 
proteins, etc.). 
 
A hydrogel is defined as a hydrophilic polymeric network, which can swell in water. Its 
ability to absorb water is caused by the presence of hydrophilic groups (OH, CONH, COOH, and 
SO3H) in the polymer network.
114
 The type of presented hydrophilic groups and their content 
defines the degree of hydrogel’s hydration. 
2.3.1. Stimuli-responsive hydrogels 
Stimuli-responsive hydrogels are capable of responding to external stimuli by 
formation/disintegration or changing their physicochemical properties, such as volume, water 
content, refractive index, permeability, and hydrophilicity–hydrophobicity.
115
 Commonly applied 
stimuli are pH, temperature, light, molecule recognition, and magnetic or electric fields. 
 
Figure 16. Schematic representation of formation/disintegration and shrinking/swelling of stimuli-responsive 
hydrogels. 
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pH-sensitive hydrogels. pH-responsive hydrogels consist of crosslinked polyelectrolytes 
with weakly acidic (carboxylic) or alkaline (amino) functional groups in their structure.
115
 
Swelling of hydrogels is induced by change of the pH value around pKa of ionic functional 
groups. Increase of their ionisation degree causes electrostatic repulsive forces that lead to an 
increase of hydrogel swelling.
116
 Therefore, the extent of swelling is influenced by any condition 
that reduces electrostatic repulsion, such as pH, ionic strength, and type of counterions.
116
 The 
swelling and pH-responsiveness of polyelectrolyte hydrogels can be adjusted by using neutral 
comonomers that alter the hydrophobicity of the polymer chains. The most common pH-
sensitive hydrogels contain acrylic, methacrylic, ethylene, or propylene imine functional 
monomers (Figure 17). Since organs in the human body are characterised by differing pH values, 
the pH-stimulus is the most abundant one. 
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Figure 17. Example of a weak polyacid (top) and a polybase (bottom), that exhibit a collapsed conformation at low 
pH and expanded state at high pH and vice versa, respectively.
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Temperature-sensitive hydrogels. Tanaka was the first who described temperature-
dependent behaviour of poly(acryl amide) gels.
117, 118
 This stimulus is based on the solution 
behaviour of polymers. Temperature responsive hydrogels exhibit a volume phase transition at a 
certain temperature known as the volume phase transition temperature (VPTT), which causes a 
sudden increase or decrease in particle size.
119
 Two types of thermo-responsive hydrogels are 
classified, which are called negatively and positively temperature responsive.
116
 Negatively 
thermo-responsive hydrogels exhibit a lower critical solution temperature (LCST). It is defined 
as the temperature at which a polymer solution undergoes a phase transition from a soluble state 
(i.e., random coil form) to an insoluble state (i.e., collapsed or globule form) on elevating the 
temperature.
120
 Hydrogels displaying LCST contain moderately hydrophobic groups or a mixture 
both of hydrophilic and hydrophobic groups in their structure. At temperatures below LCST 
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hydrogen-bonding interactions between hydrophilic groups of the polymer and water molecules 
are dominant, which leads to enhanced water up-take by the hydrogel. However, as the external 
temperature increases, the hydrogen-bonding interactions are weakened or destroyed, while the 
hydrophobic interactions among the hydrophobic moieties grow to be more important.
121
 As a 
result, the hydrogel shrinks, losing absorbed solvent and loaded guest molecules. One of the 
best-known thermo-responsive polymer with LCST at 32 °C is poly(N-isopropyl acrylamide) 
(NIPAAm).
122
 Since the value of LCST is a result of hydrophilic-hydrophobic balance in the 
polymer network, it can be modulated by copolymerisation of NIPAAm with hydrophilic or 
hydrophobic monomers (Figure 18).
123
 Positively thermo-responsive hydrogels are characterized 
by an upper critical solution temperature (UCST). They swell at temperature above UCST, and 
collapse below UCST, where hydrogen-bonding interactions are strong enough. This type of 
hydrogel is primarily composed of an interpenetrating polymer network of poly(acrylic acid) and 
poly(acryl amide) or its copolymers.
124, 125
  
 
Figure 18. Schematic representation of thermoresponsive pNIPAAm below LCST (left) and above LCST (right). At 
temperatures below LCST hydrogen-bonding interactions between amide groups of the polymer and water 
molecules are strong enough to dissolve the polymer chains. At temperatures above LCST hydrophobic interactions 
between isopropyl groups overcome those of amide moieties. 
Analyte-sensitive hydrogels. Analyte-sensitive hydrogels exhibit a volume phase transition 
or degradation behaviour in response to increase in concentration of specific molecules. One 
example is fabrication of a glucose-sensitive hydrogel containing derivatives of phenylboronic 
acid (PBA). PBA exists in both charged (more hydrophobic) and uncharged (less hydrophobic) 
states in aqueous solutions and is well-known to form complexes with sugars.
126
 Boronic acids 
bind to cis diols in aqueous media, with the tetrahedral form of boronic acid having much higher 
affinity for cis diols than the trans form (Figure 19).
120
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Figure 19. Equilibria between phenyl boronic acid and a generic diol in aqueous media.
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In 1992 Sukarai et al. invented a poly(vinyl alcohol)/poly(N-vinyl-2-pyrrolidone-co-PBA) 
polymer complex system sensitive to glucose. The system was based on competitive interactions 
of PBA groups with poly(vinyl alcohol) and glucose units. Thus, in the presence of glucose a 
reversible sol-gel process took place. By introducing polyol-modified insulin Shiino et al.
128-130
 
achieved a sugar-sensitive insulin release system (Figure 20). With the addition of glucose, the 
equilibrium shifts to the formation of charged groups and therefore induces an increase of 
hydrophilicity of polymer chains and swelling of the gel. Diol-responsive behaviour of PBA-
containing hydrogels is explicitly considered in a review.
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Figure 20. Schematic representation of uptake and release mechanisms of gluconated insulin from PBA-containing 
beads.
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Other physicochemical stimuli responsive hydrogels. To achieve better targeting 
capabilities, different stimuli can be applied. Light, magnetic and electric fields, and ultrasound 
are among them. Light responsive hydrogels contain photosensitive organic groups (like 
azobenzene, triphenylmethane, or cinnamonyl). When these groups are irradiated, they undergo 
size and shape transformation as well as formation ionic or zwitterionic species. Hydrogels of the 
other category contain thermo-responsive polymers and noble metal nanoparticles. Upon 
irradiation the nanoparticles absorb the light and convert it to heat inducing a phase transition of 
the surrounding hydrogel.
116
 Magnetic field responsive hydrogels usually contain metal 
nanoparticles, such as iron oxide nanoparticles. Upon applying the magnetic field, which heats 
up the nanoparticles, it is possible to trigger a volume change of thermo-responsive hydrogel and 
induce the release of absorbed guests. Alternatively, magnetic fields can be used to transfer the 
nanogels into the therapeutic site.
115
 Electric field responsive hydrogels contain a high number of 
ionic groups along the polymer chains, and can deswell or bend depending on the shape and 
orientation of the hydrogel to the electrodes.
123
  
2.3.2. Composite delivery systems 
Hydrogels are widely used as drug delivery depots both of low- and high-molecular weight 
compounds. However, the highly hydrated porous structure of hydrogels results in relatively 
rapid release of entrapped drugs.
25, 132
 Several approaches have been explored to avoid the 
diffusion shortcomings by modifying the microstructure of the hydrogel. Creation of an 
interpenetrated network, attachment of a stimuli-responsive layer on the hydrogel surface, 
introduction of additional functional groups into the bulk structure of the hydrogel, or fabrication 
of composite hydrogels are among them. 
A composite hydrogel delivery system consists of a hydrogel network and encapsulated 
secondary delivery agents such as liposomes, microgels, polymeric micelles, or clay. The 
formation of composite delivery systems serves the purpose of firstly, increasing the 
biocompatibility, secondly, increasing the complexation capacity for the drug and finally, 
preventing microparticle migration and providing long-term release.
133
 It was also mentioned 
that an additional diffusion barrier to drug release eliminates or strongly suppresses a burst 
release stage (Figure 21).  
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Figure 21. Schematic representation of release from a composite hydrogel containing a drug encapsulated in a 
secondary controlled release vehicle. D1 and D2 represent the diffusion coefficients of the drug out of the hydrogel 
(D1 = release from secondary release vehicles; D2 = diffusion through hydrogel).
133
 
Liposomes. Popescu et al.
134
 used a pH-responsive poly(2-vinyl pyridine)-b-poly(acrylic 
acid)-b-poly(n-butyl methacrylate) triblock terpolymer as an injectable gelator to entrap calcein-
loaded phosphatidyl-choline/cholesterol liposomes in a hydrogel matrix. It was shown that the 
entrapment of liposomes into the hydrogel matrix led to a strong decrease of the release kinetics. 
Thus, complete release of calcein from plain liposomes was achieved after a week, whereas 
crosslinking liposomes into a hydrogel sustained guest release for up to five weeks. 
Micro-/nanogels. Molinos et al.
135
 used a bidimensional composite hydrogel from 
crosslinked oxidized dextrin filled with dextrin nanogel particles to take up and release insulin 
labelled with FITC. In comparison with the insulin-loaded hydrogel, the additional presence of 
nanogel in the hydrogel matrix offered an additional resistance to the insulin release. 
Sivakumaran et al.
132
 entrapped anionically functionalized NIPAAm-co-AA-based microgels 
inside an in situ-gelling carbohydrate-based hydrogel to form a soft nanocomposite hydrogel 
with the ability to transport cationic drugs. It was shown that utilisation of the composite 
hydrogel led to a significantly slower drug release than what could be achieved using hydrogels 
or microgels alone. The extended two-stage release profile of a model drug by the 
nanocomposite hydrogel was explained by rapid diffusion from the bulk hydrogel (first stage) 
followed by slow release from the embedded microgel phase (second stage). Wang et al.
136
 
fabricated a dual-layered hydrogel/microsphere composite with encapsulated activated murine 
macrophages as immunocyte delivery platform for potential localised tumour immunotherapy 
(Figure 22).  
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Figure 22. Schematic diagram of (A) fabrication of immunocyte-laden hydrogel/microsphere system for localised 
tumour therapy; (B) in vitro assessment of hydrogel/microsphere system; (C) perspective of in vivo application of 
hydrogel/microsphere system.
136
 
Wang et al.
137
 developed molecularly imprinted polymer (MIP) nanospheres loaded into 
hydrogel to design a coating for implantable biosensors and pH-controlled release of 
dexamethasone-21 phosphate disodium (DXP). It was shown that the MIP nanospheres/hydrogel 
composite exhibited a much better controlled DXP release profile than the pure hydrogel. Yun et 
al.
138
 combined temperature-sensitive poly(vinyl alcohol)/poly(N-isopropyl acrylamide) 
microcapsules and pH-sensitive poly(vinyl alcohol)/poly(acrylic acid) hydrogels to develop both 
a pH- and temperature-sensitive vitamin B12 delivery system. However, release profiles of 
single microcapsules and hydrogels were not presented. Wang et al.
139
 prepared a nanocomposite 
for promoting proliferation and migration of neural stem cells based on a brain-derived 
neurotropic factor and vascular endothelial growth factor-loaded poly(lactic-co-glycolic acid) 
microspheres embedded into cross-linked hyaluronic acid hydrogels. It was shown that drug-
loaded microspheres and microgel/hydrogel nanocomposites had different releasing profiles. 
Microspheres were characterised by constant release reaching 20-30% on the sixth day, whereas 
microgel/hydrogel nanocomposites showed initial burst release, followed by a very slow one 
(12-13 % of loaded drugs were released on the sixth day). The initial burst release could be 
explained by the diffusion of the guests from the hydrogel matrix, while the subsequent delayed 
release was attributed to diffusion from the embedded microgels. 
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Polymeric micelles. Huang et al.
140
 encapsulated indomethacin-loaded polymeric micelles 
(six-arm block copolymer poly(ε-caprolactone)-block-(dimethylamino)ethyl methacrylate) into a 
sodium alginate (SA) gel matrix. They compared the release behaviour of both indomethacin-
loaded micelles and hydrogel with the composite system. The composite system showed mixed 
release profiles of those belonging to micelles and hydrogels. Thus, at neutral pH values the 
release profiles of the composite were similar to those of a hydrogel. At acidic pH values 
indomethacin release from the micelles/SA beads was even faster than that from SA beads or 
micelles alone. 
 
Figure 23. Release profiles of indomethacin from (a) micelles, (b) sodium alginate (SA) beads and (c) micelles/SA 
beads at different pH values (pH 1.2: HCl solution and 10% alcohol; pH 6.8 and pH 7.4: phosphate buffer solution) 
(n = 3).
140
 
Clay. Anirudhan et al.
141
 intercalated montmorillonite clay into 2-acrylamido-2-
methylpropane sulfonic acid grafted N-maleoylchitosan and used the formed composite hydrogel 
for pH-dependent release of an anticancer drug 5-fluorouracil. It was shown that the release 
properties of the composite were practically independent on the drug loading concentration. 
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However, a strong influence of pH on the release kinetics was observed. Thus, at pH 7.4 almost 
complete release was observed, whereas at pH 2.4 only half of the drug was released.  
Kevadiya et al.
142
 investigated the release kinetics of lidocaine hydrochloride-loaded 
montmorillonite from a sodium alginate matrix. It was shown that both at pH 1.2 and 7.4 incor-
poration of montmorillonite into the hydrogel led to a suppressed release of lidocaine 
hydrochloride.  
2.4. Applied methods 
2.4.1. SEM 
In scanning electron microscopy (SEM) a focused beam of high-energy electrons is used to 
form an image of the sample. A scanning electron microscope consists of an electron source 
(gun), a number of electron condenser lenses, which focus the beam down toward the sample, a 
pair of deflector plates to deflect the beam, sample stage, and various detectors (Figure 24). Prior 
to analysis, a non-conductive sample is usually coated with gold or carbon to prevent its 
electrostatic charging. 
 
Figure 24. Schematic ray path for a SEM.
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When electrons emitted by the gun interact with the sample, their energy is dissipated as a 
variety of signals, such as backscattered electrons, diffracted backscattered electrons, secondary 
electrons, photons, visible light, and heat. Each of the reflected electrons can be detected by 
specialised detectors. However, only secondary and backscattered electrons are usually used in 
SEM. Thus, low-energy (<50 eV) secondary electrons are released within 1-10 nm from the 
material surface. Their yield depends mostly on topography of the surface and not on the 
material of the specimen; and therefore, they are valuable for imaging the morphology and the 
topography of samples. Backscattered electrons are high-energy electrons that are reflected out 
of the sample by elastic scattering interactions with sample atoms. The intensity of the 
backscattered electrons is strongly dependent on the atomic number of the specimen. Therefore, 
it is possible to analyse the composition of multiphase samples and distribution of different 
elements. Since the electrons are emitted from the depth in the sample, the analysis of the 
elemental composition may be provided with a sampling depth of 1-2 microns. 
A limitation of SEM is the strong requirement on the sample’s dryness since the analysis is 
carried out under vacuum. Therefore, swollen samples (like hydrogels) should be properly 
prepared in order to remove all bound water but to preserve the three-dimensional structure of 
the sample. Alternatively, the technique of cryo-electron microscopy can be applied, where the 
sample is frozen in liquid ethane. 
2.4.2. TEM 
In transmission electron microscopy (TEM) a thin layer (<200 nm) of a sample is irradiated 
by a high-energy electron beam. A transmission electron microscope is constituted of an electron 
emission source (usually tungsten or lanthanum hexaboride filament), a number of magnetic 
lenses to manipulate the electron beam (condenser lenses, objective lenses, and projector lenses), 
a number of apertures to decrease the beam intensity and to filter high-angle scattered electrones 
(condenser aperture, objective aperture, selected area aperture, spectrometer entrance aperture, 
and filter aperture), and a phosphor screen or a charge-coupled device (CCD) camera  
(Figure 25). A solution of the sample is placed onto a mesh grid (grid materials are copper, gold, 
molybdenum, or platinum) and then dried on it. 
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Figure 25. Schematic ray path for a TEM. Modified from 
144
.  
As it was mentioned above (see 2.4.1), upon interacting with a sample electrons emitted by 
the gun can be backscattered, transmitted through the sample (producing unscattered, elastically 
or nonelastically scattered electrons), or absorbed by the sample. In a TEM image the contrast is 
determined by the amount of transmitted electrons. Unscattered electrons do not carry any 
information about the sample and, therefore, only form the background intensity. Elastically 
scattered electrones are deflected by cores of specimen’s atoms without loss of energy. Thus, the 
higher an atomic number of the scattering atoms, density, and thickness of the specimen, the 
more electrons will be scattered and the darker will be the region on the image. This principle is 
used in the bright field imaging mode to obtain information about the structure and the 
morphology of the sample. In the dark field imaging mode the direct beam is blocked by the 
objective aperture, while the desired Bragg reflected electrons are allowed to pass it. Therefore, 
information about lattice defects in crystals can be obtained. Inelastically scattered electrons 
loose a part of their energy by interactions with the sample. The inelastic loss of energy is 
characteristic for the various elements and is unique to each bonding state of each element. Their 
detection is utilized in the Electron Energy Loss Spectroscopy (EELS) technique both for 
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delivering information about the composition of the sample and for enhancing contrast in 
images. 
2.4.3. AFM 
Atomic force microscopy (AFM) was invented by Binning et al. in 1986 as a modification of 
scanning tunneling microscopy.
145
 An atomic force microscope consists of piezoelectric tubes 
(commercially known as PZT scanners) for actuation and a measurement head (Figure 26). The 
measurement head consists of a cantilever with a tip curvature radius in the order of several 
nanometers, a laser diode with a beam focused on the top of the cantilever, and an array of 
photodiodes (position sensitive detector, PSD). The sample is attached on a PZT scanner, which 
can be actuated in a raster pattern.
146
 The information about the sample is gathered by scanning 
the surface of the sample by the tip. While scanning, forces between the tip and the surface of the 
sample cause a deflection of the cantilever. A deflection of the reflected beam from the 
cantilever is monitored by the PSD and can be further recalculated into the height position of the 
tip. In the constant-force mode an image of the sample is created by recording the height position 
of the tip versus its position on the sample.
147
 In the constant-height mode the fixed end of the 
cantilever is maintained on a constant height value.
148
 
 
Figure 26. Schematic image of an atomic force microscope.
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AFM measurements are carried out in one of three primary imaging modes, contact, non-
contact, and tapping mode. In the contact mode the tip scans the sample in close contact with the 
Theoretical background  36 
 
surface to measure repulsive Van der Waals forces. However, during the measurement in this 
mode the sample can be damaged. On the contrary, in the non-contact mode the tip does not 
contact the sample surface and is 5-15 nm above it, where attractive Van der Waals forces are 
dominant. The sample can easily survive an AFM measurement, but the resulting images are 
usually characterised by lower resolution. The imaging in the tapping mode is similar to the 
contact mode. However, in the tapping mode the cantilever is forced to oscillate with a high 
amplitude (>20 nm) by a piezoelectric crystal without the tip touching the surface. While 
scanning, the oscillating tip tightly touches (“taps”) the surface of the sample. Upon contact with 
the surface, the cantilever oscillation is reduced, and it is detected and applied to measure surface 
features.
150
 Therefore, the tapping mode allows high resolution images of easily damageable 
samples. 
2.4.4. DLS 
Dynamic Light Scattering (DLS) (also known as Photon Correlation Spectroscopy or Quasi-
Elastic Light Scattering) is a convenient way to determine the size distribution profile of polymer 
macromolecules in solution. The setup of a typical DLS system consists of a laser to illuminate a 
sample solution, a photomultiplier to measure the scattered light, and a pair of collimating lenses 
to adjust the beam and its intensity (Figure 27). The first lens is needed to focus the beam into 
the cell with a sample solution far enough from its side. The second lens is required to reduce the 
intensity of the light source in order to avoid saturation of the photomultiplier. The 
photomultiplier is typically positioned at either 90° or 173°. 
 
Figure 27. Set up of a DLS system (adopted from 
151
). 
When a monochromatic and coherent laser beam passes through a sample solution, particles 
scatter a part of the light in all directions. Small particles (typically with a diameter less than 
one-tenth of the laser wavelength, that is 60 nm for a He-Ne laser) scatter light isotropically 
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(Rayleigh scattering). For larger particles with a diameter roughly equivalent to the laser 
wavelength the intensity of scattering is angle dependent (Mie scattering). Assuming that all 
particles in solution are in the Brownian motion, the scattered light undergoes a Doppler shift 
that changes the frequency of the light. Therefore, the larger the particle, the slower it moves, 
and the longer the wavelength of the scattered light is. Knowing the diffusion coefficient of the 
particle, one can use the Stokes-Einstein equation to calculate its hydrodynamic diameter. 
2.4.5. UV-Vis spectroscopy 
Ultraviolet–visible spectroscopy (UV-Vis) is absorption spectroscopy in the spectral region 
of 190 – 900 nm (including near-UV and near-infrared ranges). The main parts of a UV-Vis 
spectrometer are a light sourse, optionally a monochromator or a prism to separate the different 
wavelengths of light, and a detector (Figure 28). The detector is typically a photomultiplier tube, 
a photodiode, a photodiode array, or a CCD camera. Single photodiode detectors and 
photomultiplier tubes require the usage of a scanning monochromator to filter the light so that 
only monochromatic light reaches the detector at one time. On the other part, diode array 
detectors or CCDs are able to detect light of different wavelenghts simultaneously and are used 
with fixed monochromators. A spectrometer can either be a single beam or a double beam one. 
In a single beam spectrometer all of the light passes through the sample cell. In a double beam 
spectrometer the light is split into two beams and passes both the reference and the sample cells.  
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Figure 28. Setup of a (a) single beam, (b) double beam, and (c) diode array UV-Vis spectrometer. 
When the light passes through the sample solution, it can be absorbed by molecules inducing 
excitation of electrons from a full orbital into an empty anti-bonding orbital. However, the 
energy of the light wave should be equal to that of the electron transition from one orbital into 
another one. Since UV-Vis spectroscopy operates in the range of 190 – 900 nm, only certain 
electron transitions are allowed, that are n → σ* (150 – 250 nm), n → π*, and π → π* (both in 
the range of 200 – 700 nm). The latter two require an unsaturated group in the molecule to 
provide π electrons and are the most important transitions in molecular spectroscopy.  
The solvent used to dissolve species may have an effect on their spectra. Thus, n → π* 
resulting bands are shifted to shorter wavelengths (hypsochromic or blue shift) with increasing 
solvent polarity. This occurs because of increased solvation of the lone pair which lowers the 
energy of the n orbital. The shift to longer wavelengths (bathochromic or red shift) is often 
mentioned for π → π* transitions. In this case, increased polarisation forces between the solvent 
and the dissolved molecule lower the energy levels of both the excited and unexcited states. 
However, the level of excited state decreases stronger, and the energy difference between the 
excited and unexcited states is slightly reduced. In the case of n → π* transitions the same effect 
might be observed but it is usually overshadowed by the blue shift. 
The other reason for the variation of UV-Vis spectra is aggregation of aromatic molecules. 
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The aggregates that undergo red or blue shift are called J or H aggregates, respectively. 
Appearance of the bathochromically shifted J‐bands and hypsochromically shifted H-bands is 
usually explained in terms of molecular exciton coupling theory from the point of coupling of 
transition moments of the aggregated dye molecules (Figure 29). Thus, in a parallel dimer (H-
dimer) both the dye molecules have parallel transition moments.
152
 They undergo transitions 
from the ground state to exciton state E′′ that lies higher than the van der Waals displaced states 
of the component molecule and, therefore, absorb at shorter wavelengths. On the other side, head 
to tail dimers (J-dimer) undergo transitions to exciton state E′ that lies lower than the van der 
Waals displaced states of the component molecule, and absorb at longer wavelengths.
153
 
 
 
Figure 29. Exciton band energy diagram for a molecular dimer with parallel and in-line transition dipoles.
153
  
Ovals – molecular profiles; double arrows – polarization axis for the molecular electronic transition; E′ and E′′ –
 exciton states. 
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3. Goals 
The goal of the dissertation is focused on the fundamental understanding of interactions of 
dendritic glycopolymers, hb PEI decorated with maltose (PEI-Mal), with anionic aromatic guest 
molecules and modelling various drug delivery systems based on the derived information. The 
gained knowledge will be useful for establishing dendritic drug delivery carriers of the next 
generation. As the result, an influence of a number of factors on the host-guest properties of hb 
core-shell polymers should be clarified. Also, it is necessary to reveal factors that determine the 
existence of isolated, aggregated, or precipitated analyte@dendritic glycopolymer complexes. 
Finally, first steps towards the preparation of a multicomponent PEI-Mal-based hydrogel should 
be done. 
The whole work is subdivided into three main objectives: 
 
1. Investigation of the complexation and stabilisation properties of PEI-Mal towards 
anionic aromatic guest molecules (adenosine triphosphate, rose bengal, and acid red 
26) by means of UV-Vis, 
1
H NMR titration experiments, DOSY, SAXS, and zeta 
potential measurements. 
The influence of the following parameters should be investigated: 
 Degree of substitution (DS) of PEI with maltose; 
For this purpose three different PEI-Mal structures with varying DS (~20 %, ~40 %, and 
~90 %) of PEI should be synthesised. Thus, with the increase of DS size of the internal PEI 
voids, their hydrophilicity and capability to form electrostatic, hydrophobic, and H-bonds will be 
altered. An increase of the density of the maltose shell should also suppress penetration of GMs 
into the PEI core. Therefore, the influence of DS on the presence of GMs encapsulated into the 
core and absorbed on the shell should be investigated. 
 Size of the PEI core; 
To investigate the influence of the size of the PEI core on the complexation capacities of 
PEI-Mal polymers PEI macromolecules with Mw 5,000 Da and 25,000 Da will be applied. 
 Type of guest molecule; 
Three different water-soluble anionic aromatic guest molecules will be applied in the host-
guest investigations with PEI-Mal: adenosine triphosphate, rose bengal, and acid red 26. 
Comparison of their behaviour in the presence of PEI-Mal will help to understand the influence 
of the guest geometry, the ratio between hydrophilic and hydrophobic parts, and the ability to 
self-stacking by π-π interactions on aggregation of hb core-shell polymers. 
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 Guest/host ratio; 
Applying different G/H ratios is helpful in understanding the preferred localisation of guest 
molecules within the scaffold of the host molecules. 
 Environment (time, pH, and presence of salts). 
The environmental factors are also considered, since they can give valueable information 
about stability of the guest@host complexes at various conditions. 
 
2. Filling the gap in knowledge of self-assembly processes of core-shell hb polymers 
with anionic low-molecular weight compounds and defining the factors crucial for the 
formation of aggregates by means of DLS, TEM, and AFM. 
Influence of the following parameters will be investigated: 
 Degree of substitution of PEI with maltose; 
 Type of guest molecule; 
 Guest/host ratio; 
 Environment (time, pH, and presence of salts). 
 
3. Development and investigation of stability properties of a prototype of a stimuli-
responsive composite hb polymer/hydrogel system. 
Finally, the gained knowledge about the host-guest properties of PEI-Mal should be 
transferred into a concept for a PEI-Mal-based multicomposite hydrogel. Here, a GM@PEI-Mal 
complex as a secondary delivery vehicles should be loaded into a pH- or/and temperature-
responsive hydrogel matrix and bound electrostatically or/and covalently within it. Upon the 
control of the environment, simultaneous or separate release of guest molecules as well as PEI-
Mal macromolecules should be achieved.  
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4. Results and discussion 
4.1. Properties of PEI-Mal 
Hyperbranched poly(ethylene imine) modified with maltose (PEI-Mal) refers to a class of 
core-shell polymers with a dendritic core. Multifunctionality and internal cavities of hb PEI core 
enable complexation of anionic molecules,
12, 154, 155
 plasmid DNA or siRNA,
100
 and gold 
nanoparticles.
156
 Rather similar characteristics were also observed for the oligosaccharide-
modified perfectly branched PPI, that is complexation of metal ions,
157, 158
 proteins,
159
 and 
semiconductor nanoparticles.
160
  
4.1.1. Synthesis of PEI-Mal 
PEI-Mal was obtained by reductive amination of hb PEI (Mw = 5,000 and 25,000 g/mol, 
Mn = 3,600 and 9,600 g/mol, PDI = 1.39 and 2.6, DB  = 67.4 and 70.6 %, respectively) with 
maltose in the presence of a strong reductive agent (borane-pyridine complex) in borate buffer at 
50°C for 7 d as it was described by Appelhans et al.
12
 (Figure 30).  
 
Figure 30. Synthesis of PEI-Mal; PEI = hyperbranched poly(ethylene imine), R = H or CH2CH2NHR. 
The parent PEI structure contains primary amino functions as terminal units and secondary 
amino functions as linear units. The dendritic units consist of tertiary amines. Polymers with 
different degree of substitution (DS) of amino groups were obtained by varying the ratio between 
PEI and maltose (Experimental part). Thus, structure A (PEI-Mal-A5 and PEI-Mal-A25) was 
synthesised in excess of sugar to convert nearly all primary amino groups (terminal units) and 
secondary amino groups (linear units) into tertiary amino groups (dendritic units). On the 
contrary, the syntheses of structures B (PEI-Mal-B5 and PEI-Mal-B25) and C (PEI-Mal-C5 and 
PEI-Mal-C25) were carried out in excess of PEI yielding mostly primary amino groups (linear 
units) in the outer sphere of the PEI macromolecules. Thus, structure B is characterised by the 
presence of mostly secondary amino groups in the PEI structure, and structure C, by a mixture of 
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primary and secondary amino groups. Therefore, structure A was defined as a dense-shell 
architecture in contrast to structures B and C, which are described as open-shell architectures 
(Figure 31). 
 
Figure 31. Structures of PEI-Mal with the different density of the maltose shell. D – dendritic units, L – linear units, 
T – terminal units. PEI-Mal-A25–C25 possess hyperbranched PEI-25kDa core, and PEI-Mal-A5–C5 possess 
hyperbranched PEI-5kDa core. 
4.1.2. Characterisation of PEI-Mal 
PEI-Mal polymers were characterised by a number of methods to receive information about 
their physicochemical properties. Thus, structural properties were defined by means of elemental 
analysis and NMR, while solution properties were investigated by zeta potential, DLS, 
polyelectrolyte titration, and SAXS measurements. 
4.1.2.1. Structural properties 
Applied PEI-Mal polymers were characterised by typical 
1
H NMR spectra with broad peaks 
shown in Figure 32.
12
 One can distinguish three groups of signals: 2.5-3.2 ppm (PEI protons and 
1 proton of maltose units), 3.3-4.3 ppm (protons of maltose units), 4.9-5.3 ppm (1
I
 proton of 
maltose units).  
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Figure 32. 
1
H NMR spectrum of PEI-Mal-B25 in D2O.  
Information about DS as well as Mn was obtained from the results of elemental analysis 
according to the methods described by Appelhans et al.
12
  A good correlation between the 
obtained and already published
12
 data was found (Table 1). This means that highly reproducible 
PEI-Mal structures were obtained for our study. 
Table 1. Molecular properties of the applied PEI-Mal structures with the PEI core of 5kDa and 25kDa. 
PEI-Mal 
Mw of the 
PEI core 
 
[g/mol] 
DS of PEI  
 
 
[%] 
Primary 
amino 
groups 
[%] 
Secondary 
amino 
groups 
[%] 
Tertiary 
amino 
groups 
[%] 
Mn 
 
 
[g/mol] 
PEI-Mal-A25 25,000 90 - 15 85 75,400 
PEI-Mal-B25 ´´ 40 - 64 36 35,600 
PEI-Mal-C25 ´´ 20 14 56 30 21,200 
PEI-Mal-A5 5,000 89 - 11 89 28,200 
PEI-Mal-B5 ´´ 42 - 63 37 13,600 
PEI-Mal-C5 ´´ 21 2 67 31 8,100 
4.1.2.2. Solution properties 
Self-aggregation of dendritic polymers is a frequent phenomenon,
7, 76-85
 which can possibly 
alter drug release properties of the carrier. Therefore, solution stability of PEI-Mal on the 
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example of polymers with the PEI-25kDa core was investigated by SAXS and DLS 
measurements. Thus, at various pH values PEI-Mal exists mostly in the form of single molecules 
with a diameter of 11-16 nm (Table 2). On the example of PEI-Mal-B25 it was shown that PEI-
Mal macromolecules do not aggregate over a broad range of pH values for at least a week 
(Figure 33).  
Table 2. Hydrodynamic diameter and diameter of gyration of PEI-Mal-B25 obtained from dynamic light scattering 
and small angle X-ray scattering, respectively. For comparison, DLS data of PEI-Mal-A25 and PEI-Mal-C25 at 
pH 7.4 are given (concentration of polymers 0.5 mg/ml). 
 Diameter of gyration [nm] 
PEI-Mal-B25 (pH 7.4) 10.1 ± 0.4 
 Hydrodynamic diameter [nm] 
PEI-Mal-A25 (pH 7.4) 15.7  ± 0.8 
PEI-Mal-B25 (pH 2.0) 16.8  ± 0.7 
PEI-Mal-B25 (pH 5.4) 16.8  ± 1.2 
PEI-Mal-B25 (pH 7.4) 16.5  ± 0.5 
PEI-Mal-B25 (pH 9.2) 15.5  ± 0.8 
PEI-Mal-B25 (pH 11.5) 14.7  ± 0.6 
PEI-Mal-C25 (pH 7.4) 11.4  ± 1.2 
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Figure 33. pH-dependent stability of PEI-Mal-B25 to aggregation at different pH values in 10 mM buffer solutions 
(pH 2.0, 7.4, 11.5 – PBS, pH 5.4 – AcBS, pH 9.2 – BBS).  
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Two methods were applied to investigate charge properties of PEI-Mal: zeta potential 
measurements (Figure 34) and polycationic titration (Figure 35).  
The zeta potential ξ is the electric potential at the boundary between the dispersion medium 
and the stationary layer of fluid that moves together with the dispersed particle. Therefore, the 
zeta potential is not equal to the electric surface potential in the double layer or to the charge 
density of the particle. To determine the zeta potential, the electrophoretic mobility of the 
particles μ is measured, which can be recalculated using the Smoluchowski equation
161
 (3): 
   
     
 
 (3) 
where εr is the dielectric constant of the dispersion medium, ε0 is the permittivity of free space 
(C
2
·N
−1
·m
-2
), and η is dynamic viscosity of the dispersion medium (Pa·s) (see Experimental 
part). However, a salt concentration (generally, solution conductivity), sample contamination, 
and a concentration of a formulation component may strongly alter the magnitute of the zeta 
potential. Therefore, in the present investigation it was decided to apply zeta potential 
measurements only for the determination of the polymer’s isoelectric point, qualitative 
investigations of its charge properties, and estimation of solution stability. To overcome the 
limitations of zeta potential measurements, polyelectrolyte titration was applied to determine 
charge density of polymer molecules at various pH values. This method is based on the 
neutralisation reaction between oppositely charged polymer samples and a polyelectrolyte titrant 
of known charge density. In many cases, this reaction is stoichiometric providing a possibility to 
detect the equivalence point.
162
 
Depending on DS, PEI-Mal is characterised by different amounts of primary, secondary, and 
tertiary amino groups. Structure A contains mostly only tertiary amino groups, structures B and 
C high contents of secondary and even primary amino groups. Primary amino groups are more 
alkaline than the interior tertiary ones. Therefore, with the decrease of DS the isoelectric point 
(pI) of PEI-Mal gradually increases from 8.0 to 9.4 (Table 3), as it was determined by zeta 
potential measurements (Figure 34). However, even almost neutralised polymers do not 
aggregate in solution as it was presented in Figure 33. It can be explained by the presence of a 
high amount of surface hydroxy groups in the structure of PEI-Mal that favour dissolution of 
PEI-Mal macromolecules. 
Since zeta potential measurements cannot be adequately used for the evaluation of the 
surface charge density of polymers, polyelectrolyte titration was applied (Figure 35). It was 
shown that the pH-dependent charge density of the investigated polymers per gram (Figure 35a) 
gradually increases with the decrease of DS and pH. Since the Mn of PEI-Mal is known (Table 
1), it is possible to calculate an average charge density per molecule (Figure 35b, Table 4). It can 
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be seen, that at pH 2.0 almost all amino groups of PEI-Mal regardless of the shell density are 
protonated. However, at higher pH values (pH 5.4 and 7.4) PEI-Mal-A25 bears much lower 
charge than PEI-Mal-B25 and -C25. At pH > pI, PEI-Mal macromolecules are negatively 
charged which may be a result from their interactions with boric acid during the synthesis. 
Table 3. Isoelectric point of parent PEI-25kDa and PEI-Mal-A25, -B25, and -C25 determined by zeta potential 
measurements. 
Polymer pI
 
PEI-25kDa 10.7 
PEI-Mal-A25 8.0 (8.1)
 
PEI-Mal-B25 9.1 (9.0)
 
PEI-Mal-C25 9.4 (9.35)
 
* results of duplicate measurements are presented in brackets. 
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Figure 34. pH-dependency of zeta potential for PEI-Mal-A25, PEI-Mal-B25, PEI-Mal-C25, and PEI-25kDa 
(concentration of polymers 0.5 mg/ml).  
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Figure 35. pH-dependency of surface charge for PEI-Mal-A25, PEI-Mal-B25 and PEI-Mal-C25 (concentration of 
polymers 0.5 mg/ml) at a rate of Coulomb per gram (a) and elementary charges per molecule (b) determined by 
polyelectrolyte titration.  
Table 4. Average charge density [q (C/g)] and [q (e/macromolecule)] of PEI-Mal with different oligosaccharide 
architectures at different pH values determined by polyelectrolyte titration. 
pH PEI-Mal-A25 PEI-Mal-B25 PEI-Mal-C25 
 q 
[C/g] 
q  
[e/macromolecule] 
q 
[C/g] 
q  
[e/macromolecule] 
q 
[C/g] 
q 
[e/macromolecule] 
2.0 + 341 + 252 + 525 + 191 + 1009 + 219 
5.4 + 48 + 35 + 186 + 68 + 634 +138 
7.4 + 2.2 + 1.5 + 44 + 16 + 194 + 42 
9.2 - 47 - 35 - 19 - 7 - 0.5 - 0.1 
11.2 - 102 - 75 - 109 - 40 - 133 - 29 
 
 
49 Results and discussion 
4.2. PEI-Mal as a host in host-guest complexes with model guests 
4.2.1. Introduction 
The flexibility and three-dimensional structure of the hb PEI core suggests that PEI-Mal is 
able to form host-guest complexes. Positive surface charge of the PEI core indicates that stronger 
electrostatic interactions are achieved between PEI-Mal and anionic guest molecules (GMs). A 
large amount of hydroxyl groups on the maltose periphery of the core allows to assume that PEI-
Mal has also a potential to form H-bonds with surrounding molecules. Therefore, PEI-Mal 
should be able to complex anionic hydrophilic GMs. 
Based on the current state of the art of host-guest interactions, it can be speculated that a part 
of the GMs will be complexed in the PEI scaffold (core and shell), while the other part will be 
located on the periphery of the maltose shell (Scheme 1). However, from pure speculations it 
cannot be suggested which of host and guest properties will influence the properties of the whole 
host-guest system. 
 
Scheme 1. Proposed model of interactions of PEI-Mal with GMs, which is similar to the known models from 
literature: (a) encapsulation of GMs into the poly(ethylene imine) core; (b) complexation of GMs on/into the 
maltose shell.  
For this reason three anionic hydrophilic model GMs were chosen (Figure 36): adenosine 
triphosphate (ATP), rose bengal (RB), and acid red 26 (AR26). All of them contain aromatic 
moieties and anionic groups of different nature. Therefore, they can interact with PEI-Mal by 
means of ionic and H-bonding interactions. In addition, GMs can interact with each other by 
means of aromatic π-π stacking. The model GMs are attributed by different geometry and ratio 
of hydrophilic/hydrophobic parts. For example, ATP is characterised by the highest 
a b
– PEI-Mal – guest molecule
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hydrophilic/hydrophobic ratio, whereas RB shows the lowest one. On the other hand, hosts with 
similar PEI core but different densities of the maltose shell (structures A, B, and C) were chosen 
to understand how the accessability of the core alters the properties of the entire host-guest 
system. Besides the influence of the internal properties of the components of the host-guest 
system on the host-guest interactions, various environmental factors as guest/host ratio (G/H), 
pH, and salt content of the solution were investigated. 
 
Figure 36. Structures of investigated guest molecules ATP, rose bengal, and acid red 26.  
4.2.2. Interactions of ATP molecules with PEI-Mal scaffold 
4.2.2.1. Main properties of ATP 
Adenosine 5′-triphosphate (ATP) is a basic energy carrier in cellular metabolism and an 
anionic hydrophilic molecule that is able to carry up to four negative charges. Tribolet et al. 
evaluated the equilibrium constants of its dissociation in aqueous solutions:
163
 
 H(ATP)
3-
  ATP
4-
 + H
+
 K3 = 10 
-6.49
 
 H2(ATP)
2-
  H(ATP)
3-
 + H
+
 K2 = 10 
-4.01
 
 H3(ATP)
-
  H(ATP)
2-
 + H
+
  K1 = 10 
-1.6
 
where H3(ATP)
-
, H2(ATP)
2-
, H(ATP)
3-
 and ATP
4-
 are mono-, di-, tri-, and tetra-deprotonated 
ATP. Thus, at pH 2.0 ATP exists in the form of H2(ATP)
2-
 and H(ATP)
3-
 (~50/50), and in the 
form of H(ATP)
3-
 and the mixture of ATP
4-
 and H(ATP)
3-
 (~70/30) at pH 5.4 and 7.4, 
respectively. Protonation of ATP
4-
 begins at the terminal γ-phosphate group, followed by further 
protonation of N-1 of the adenine residue and the α- and β-triphosphate residues (Figure 37).
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Therefore, two types of interactions between ATP and PEI-Mal can be considered in the 
complex formation: electrostatic and H-bonding. Electrostatic interactions exist between the 
cationic PEI scaffold of PEI-Mal and phosphate groups of ATP. This type of interaction is 
widely discussed in literature.
12, 165-167
 The latter type of interactions is H-bonds between 
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hydroxy and amine groups of ATP and the maltose shell of PEI-Mal. The ability of ATP to form 
H-bonds with various sugars
168
 and liposomes
169
 was previously discussed. Therefore, the 
parameters and conditions that define uptake and release of ATP in PEI-Mal structures A-C had 
to be determined. 
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Figure 37. Structure of ATP dinatrium salt.  
4.2.2.2. Uptake study 
Technique. For quantification of the complexation capacities of PEI-Mal towards GMs, the 
determination of the amount of complexed and free ATP molecules was required. In general, 
UV-Vis spectroscopy combined with preceding separation of formed complexes was applied (the 
UF/UV-Vis method; Figure 38). This simple method is based on combination of an ultrafiltration 
(UF) procedure (for separation of free ATP molecules from those bound to a polymer) with 
subsequent determination of the amount of unbound ATP molecules in the filtrate by UV-Vis 
spectroscopy. The main drawback of the method are possible interactions of host and guest 
molecules with a membrane. Therefore, two different types of membranes were tested, based on 
regenerated cellulose and poly(ethylene sulfone) (PES). However, strong binding of ATP to the 
former type of membrane led to non-reproducible results. In opposite to this, no strong 
interactions between PES membranes and ATP were found allowing quantification of ATP 
uptake and release by PEI-Mal. The main advantage of this method is the ability to receive 
information about the amount of complexed ATP molecules immediately after the starting of the 
separation procedure. It helps to avoid the undesired time gap usually accompanying a more 
common dialysis procedure. As a result, the described UF/UV-Vis method was used hereinafter 
for the evaluation of the degree of guest complexation by PEI-Mal macromolecules. 
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Figure 38. Scheme of the UF/UV-Vis method showing separation of non-bound GM from GM@PEI-Mal 
complexes.  
The encapsulation efficiency (EE)
170
 and complexation capacity (CC) of PEI-Mal towards 
GMs were calculated from eq.(4) and eq.(5): 
   ( )  
 (              )
 (          )
     (4) 
    
 (              )
 (    )
 (5) 
and are presented in Appendix 1. 
 
Properties of ATP@PEI-Mal. Complexation kinetics of ATP by PEI-Mal was determined 
on the example of mixtures of PEI-Mal-A25, -B25, and -C25 with ATP at the host/guest ratio 
(G/H) 20 (Figure 39). It was shown that after 15 min more than 60 % of ATP molecules are 
complexed by PEI-Mal-A25 and PEI-Mal-B25, while at  3 h EE of both PEI-Mal structures 
reaches 75 to 80%. In comparison to that, mixtures of ATP with PEI-Mal-C25 tend to precipitate 
immediately after mixing. Therefore, one can state that too low degree of maltose modification 
leads to complete compensation of the polymer’s surface charge and – as a result – to its 
precipitation. Thus, mixtures of non-modified PEI-25kDa and ATP are characterised by even 
stronger aggregation behaviour (Appendix 2). 
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Figure 39. Encapsulation efficiencies and complexation capacities of PEI-Mal-A25 and PEI-Mal-B25 versus 20 
ATP molecules in 10 mM phosphate buffer solution at pH 7.4.  
The complexation study was also carried for PEI-Mal-A5, -B5, -A25 and -B25 
(Experimental part) and is presented in Figure 40. The amount of ATP determined in complexes 
with PEI-Mal depends on the size of the PEI core and the shell density. Thus, not more than 20 
ATP molecules bind to smaller PEI-Mal-A5 and PEI-Mal-B5, and no dependency of ATP 
complexation on the maltose shell density is observed. The same structure-independent 
complexation behavior was observed for the ATP complexation by maltose- and maltoheptaose-
modified PEI-5kDa as determined by the use of isothermal titration calorimetry (ITC).
12
 Larger 
PEI-Mal-A25 and PEI-Mal-B25 show the ability to complex up to ~40 or ~50 molecules of ATP, 
respectively. The observed structure-dependent complexation behaviour correlates well with the 
data obtained from the ITC experiments for maltotriose-modified PEI-25kDa with a different 
density of the shell. Thus, it was shown that structures A and C complex up to ~40 and ~60 
molecules of ATP, respectively.
12
 A good correlation between the data previously obtained from 
the more sensitive ITC measurements and that one obtained by the UF/UV-Vis approach 
indicates the applicability of the latter approach for the reproducible quantification of ATP 
uptake and release properties. 
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Figure 40. Complexation capacities of PEI-Mal A and B structures (PEI-Mal-A5, PEI-Mal-B5, PEI-Mal-A25 and 
PEI-Mal-B25) towards ATP in 10 mM phosphate buffer solution at pH 7.4.  
4.2.2.3. Study of solution stability of ATP@PEI-Mal complexes 
Zeta potential. Interactions of positively charged PEI-Mal and negatively charged ATP 
should apparently lead to shielding of the polymer’s surface charge that can be proved by a 
gradual decrease of the zeta potential upon complexation of ATP to PEI-Mal. For this purpose, 
zeta potential measurements of purified ATP@PEI-Mal-B25 complexes at various complexation 
ratios (G/H = 5, 14, 30, and 46; presented in Figure 41) were carried out. By increase of the 
amount of ATP molecules complexed by PEI-Mal-B25 stronger shielding of the polymer’s 
surface charge takes place demonstrated by a decrease of both the zeta potential and the 
isoelectric point pI (from pI ~9.3 for pure PEI-Mal-B25 to pI ~5.1 for the ATP46@PEI-Mal-B25 
complex). Thus, at pH 7.4 interactions of PEI-Mal-B25 with ATP results in overcharging of the 
polymer’s surface for G/H = 30 and 46. At this point the average surface charge of a GMx@PEI-
Mal complex q should be defined as the rest charge of PEI-Mal macromolecules upon interaction 
with counterions: 
    (   -     )   (    )    (6) 
where n is the number of charged amino groups of PEI-Mal, m is the number of charged 
groups of the counterion, and x is the G/H ratio in the solution. The average charge depends both 
on the ratio between the components and the pH of the solution. In the case of quantitative 
interactions of PEI-Mal with the counterions (i.e. PEI-Mal macromolecules interact with 100% 
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of dissolved GMs
Footnote1
), at q = 0 the charge of PEI-Mal macromolecules is completely 
neutralised, at q < 0 PEI-Mal macromolecules are overcharged. However, the overcharging 
effect takes place only under strong prevalence of negative charges in solution indicating 
incomplete charge neutralisation due to steric factors (Table 5) as it was also shown by Willerich 
et al.
19
 It can be further suggested that after passing the point of charge stoichiometry (i.e. 
ATP@PEI-Mal complex is neutralised) ATP molecules are bound by means of weak H-bonding 
with PEI-Mal and π-π stacking with ATP molecules. 
Table 5. Charge ratio and zeta potential of ATP@PEI-Mal-B25 complexes at pH 7.4. 
G/H Average charge q 
[e/macromolecule] 
Zeta potential  
[mV] 
0 16 38.6 
5 ~ -2 28.0 
14 ~ -34 16.3 
30 ~ -92 -10.1 
46 ~ -150 -9.6 
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Figure 41. pH-dependency of zeta potential for ATP@PEI-Mal-B25 complexes (G/H = 5, 14, 30, and 46).  
DLS and TEM. Despite of very low values of the zeta potential obtained for highly loaded 
ATPx@PEI-Mal-B25 (x = 30 and 46) complexes their solutions were remarkably stable towards 
aggregation and precipitation phenomena. Thus, at pH 5.4 and 7.4 the ATP46@PEI-Mal-B25 
                                                 
Footnote1
 To be more precise, PEI-Mal macromolecules do not interact with GMs quantitatively (as it was 
demonstrated by the uptake experiments; Figure 40). However, the difference in complexed GMs does not influence 
calculations of the average charge of GM/PEI-Mal complexes q on the investigated range of G/H drastically. 
Therefore, here and further, interactions of PEI-Mal with GMs are considered to be quantitative for simplifying 
calculations. 
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complex is characterised by an absolute value of the zeta potential of less than ten. However, 
even in the presence of NaCl it exists mostly in the form of single particles over several days 
(Figure 42). This remarkable stability of the ATP46@PEI-Mal-B25 complex is astonishing since 
usually a high tendency of aggregation/precipitation of polyelectrolyte complexes with nearly 
neutral surface charge is observed. A similar stability was also observed for the aqueous solution 
of ATP and PEI-Mal-B25 in the G/H ratio 128. 
To prove the results of DLS measurements, additional TEM measurements of the 
ATP46@PEI-Mal-B25 complex were carried out revealing the presence of single non-aggregated 
particles even a week after the dissolution (Figure 42d). Only very few amounts of aggregated 
particles were found. High stability of the ATP@PEI-Mal-B25 solutions might be attributed to 
the presence of the large hydrophilic phosphorised sugar part in the structure of the ATP 
molecule. It results in strong hydrophilic water-ATP interactions in preference to the 
hydrophobic interactions between ATP molecules. 
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Figure 42. DLS plots and TEM image of (a) ATP@PEI-Mal-B25 complex (G/H = 46) at pH 5.4 (10 mM acetate 
buffer solution + 154 mM NaCl); (b) ATP@PEI-Mal-B25 complex (G/H = 46) at pH 7.4 (10 mM phosphate buffer 
solution + 154 mM NaCl); (c) ATP/PEI-Mal-B25 mixture (G/H = 128) in MQ water; (d) TEM image of ATP@PEI-
Mal-B25 complex (G/H = 46) after 7 days (conditions correspond (b)).  
d) 
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4.2.2.4. Release study 
The presence of complexed ATP in different environments of the PEI core, maltose shell, 
and polymer surface should mean that different triggers may cause release of core- and shell-
bound ATP and stepwise release might take place. This, as well as the unique stability of 
ATP@PEI-Mal complexes, makes them an interesting object for investigation of their release 
properties. For this purpose, stability of two isolated ATPx@PEI-Mal-B25 complexes (x = 15 
and 46) was investigated in MQ water in the presence or absence of NaCl and in buffer solutions 
at pH 2.0, 5.4, and 7.4 (Figure 43). Generally, the release of ATP from ATP@PEI-Mal-B25 
complexes strongly depends on the pH of a solution, the presence of salts, and the G/H ratio of 
complexes.  
Influence of pH. The highest stability of both the ATP@PEI-Mal-B25 complexes was 
observed at pH 5.4; the lowest, at pH 2.0. This behaviour might be explained by considering 
(A) partial hydrolysis of ATP catalysed by PEI-Mal and (B) non-covalent interactions 
(electrostatic and H-bonds interactions) between ATP and PEI-Mal-B25.  
Interactions between polyamines and ATP, as well as amine-catalysed hydrolysis of ATP 
was extensively studied.
166, 167
 It was shown that stability of polyamine-ATP complexes 
decreases at very low pH values (~2) due to increasing amount of protonated ATP molecules as a 
result of increasing rate of ATP hydrolysis.
167
 In line with the previous observation, the low 
stability of ATP@PEI-Mal-B25 complexes at pH 2.0 might be explained. Thus, at pH 2.0 it is 
reasonable to expect high conversion of ATP into ADP and AMP and subsequent loss of their 
charge. Therefore, at pH 2.0 40 % and 60 % of ATP are released after a week from the 15:1 and 
46:1 complexes, respectively. At higher pH values, the rate of the ATP hydrolysis is 
considerably lower, therefore, mostly non-covalent interactions play a role in the stability of the 
complexes. However, with an increase of pH the charge of PEI-Mal-B25 gradually decreases, 
leading to a higher stability of the complexes at pH 5.4 than at pH 7.4. Therefore, at pH 5.4 the 
right balances of non-covalent binding of ATP by PEI-Mal-B25 and low degree of the ATP 
hydrolysis results in the highest stability of ATP at both the complexation ratios. At pH 7.4 PEI-
Mal-B25 is characterised by the lowest cationic charge among the pH range of 2.0 to 7.4 that can 
explain the highest release of ATP from the complexes. Additionally, an influence of a the main 
buffer component PIPES might be considered as a reason of the poor stability of the complexes 
because of possible interactions with ATP and further weakening of non-covalent interactions 
between ATP molecules and PEI-Mal-B25. 
Influence of salts. Whereas in pure MQ water the ATP14@PEI-Mal-B25 complex remains 
stable after a week, addition of 154 mM NaCl results in release of ~40 % of hosted ATP 
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molecules from the complex. This drastic difference might be explained by an assumption that a 
part of ATP is weakly bound by only weak H-bonds. Taking into account the previous 
consideration that ATP is bound either by the scaffold or by the surface of PEI-Mal, one can 
suppose that in the ATP14@PEI-Mal-B25 complex ~9 ATP molecules are electrostatically bound 
by the scaffold, while ~5 ATP are bound by weaker H-interactions by the surface. Unfortunately, 
lack of original PES membranes from a supplier prevented us to continue the investigation with 
the other ATP@PEI-Mal-B25 complexes. 
Influence of G/H. Taking into account that ATP is located in different parts of the PEI-Mal 
scaffold, one can suppose that the G/H ratio should significantly influence the stability properties 
of the entire ATP@PEI-Mal-B25 complex. Thus, at the same conditions the 15:1 complex 
releases half as many molecules as the 46:1 complex after one week (max 40% and max 80%, 
respectively). Moreover, it is interesting to mention that after a week at the same conditions both 
the complexes contain relatively similar amounts of bound ATP (9-15 and 10-20 for the 15:1 and 
45:1 complexes, respectively). It suggests an idea that ~10-15 molecules of ATP are tightly 
bound by the scaffold of PEI-Mal and corresponds well to the already made assumption. The rest 
of ATP is attached to the outer shell of PEI-Mal-B macromolecules by weaker electrostatic 
and/or H-bonds, and thus, a higher percentage of ATP is released from the 46:1 complexes. 
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Figure 43. Cumulative release and the number of the rest complexed ATP molecules of 15:1 (left) and 45:1 (right) 
ATP@PEI-Mal-B25 complexes in various media. All buffer salines contained 154 mM NaCl.  
4.2.2.5. Small-angle X-ray scattering (SAXS) measurements 
Bauer et al. were the first who determined the spatial structure of dissolved PAMAM 
dendrimers using small angle X-ray scattering (SAXS) measurements in diluted solution in 
1992.
171
 Later Baars et al. showed the applicability of SAXS on dilute solutions for confirming 
the complexation of GMs in the scaffold of poly(propylene imine) dendrimers modified with 
3,4,5-tris(tetraethyleneoxy)benzoyl units.
65
 On the example of mixtures of the dendrimer and RB 
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at different G/H ratios, Baars et al. demonstrated that complexation of electron rich GMs results 
in an increase in the forward scattering intensity I and decrease in the radius of gyration Rg with 
increasing G/H. 
65
 
In SAXS studies, the observed scattering of X-rays occurs from a discrete electron density 
contrast between the solvent and a particle.
172
 If the particle is folded, then change in an electron 
density contrast can be detected. Applying the Guinier approximation, the scattering intensity 
I(q) at scattering angle q = 0 and the particle’s radius of gyration Rg can be determined: 
    ( )     ( )  
  
 
 
    (7) 
Furthermore, using Porod’s law, several structural parameters such as the particle’s volume V 
can be determined:  
       
 ( )
 
 (8) 
where Q is the Porod invariant, which is, in principle, an area under the curve presented the 
scattering data as q
2
·I(q) vs. q: 
   ∫   
 
 
  ( )   (9) 
Here, SAXS investigation of the pre-purified ATP@PEI-Mal-B25 complexes with G/H 1, 5, 
30, and 46 was performed. The results from the SAXS study (Figure 44) showed that both PEI-
Mal-B25 and its complexes with ATP are characterised by the constant shape of the scattering 
curves in a concentration range of 5 to 20 mg/ml over two weeks with the scattering 
characteristics indicating the presence of individual non-interacting particles. According to the 
Kratky plot of scattering data (inset of Figure 44), PEI-Mal-B25 in the presence and absence of 
ATP is represented by folded compact nanostructures typical for the dendritic structures.
173
 More 
details on the applied simulation model are given in the Experimental part.  
 
Figure 44. SAXS profiles of PEI-Mal-B25 and its complexes with ATP (lower black and upper blue line, 
respectively). (a) The intensities are on an absolute scale and normalised by the PEI-Mal-B25 concentration, which 
is 2 g/ml. Inset: Kratky presentation of the SAXS profiles. (b) The intensities are normalized to one at q=0.06 nm
-1
 
a) b) 
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for better comparison. Curve fits using Beaugage’s unified equation
174
 are given as lower black lines. Fit parameters 
are summarized in Table 6.  
The best-fit parameters are summarised in Table 6. The I0 increases with the increasing G/H 
ratio from 2.85 cm
-1
 to 4.64 cm
-1
, while the PEI-Mal radius of gyration Rg and the weight 
average volume decrease with the increasing G/H ratio. Thus, both Rg and the weight average 
volume of PEI-Mal-B25 macromolecules gradually decrease from 5.06 to 4.30 nm and from 472 
to 335 nm
3
, respectively, as shown in Figure 45. The observed influence of G/H on the structural 
characteristics indicates that ATP as an electron rich guest molecule is encapsulated into the 
scaffold of PEI-Mal macromolecules. This observation is in agreement with the previously done 
investigations.
65
 Indeed, at pH 7.4 ATP molecules are negatively charged, and the polyimine 
core of PEI-Mal-B25 is positively charged. Being incorporated into the PEI scaffold, negatively 
charged ATP molecules attract positively charged PEI chains and therefore induce a decrease of 
the PEI-Mal volume. It should be also noted, that the highest decline both of Rg and the weight 
average volume takes place with an increase of G/H from 0 to 1. However, a decrease of the 
structural characteristics of PEI-Mal is observable even upon an increase of G/H from 30 to 46.  
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Figure 45. Radii of gyration Rg, and the nanoparticle volumes for different molar ratios of ATP to PEI-Mal-B25 
(black squares and red circles, respectively). Fit parameters are summarized in Table 6.  
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Table 6. Structural characteristics of the PEI-Mal-B25 complexes determined from SAXS using eq. (7) for curve 
fittings for determination of the zero angle scattering, I0, the radius of gyration, Rg, and applying eq. (8) for 
determination of the volume. 
G/H ratio I0 [cm
-1
] Rg [nm] B/I0 Volume [nm] 
0 2.64 5.06 0.0221 472 
1 2.90 4.90 0.0257 426 
6 3.40 4.68 0.0250 420 
30 4.70 4.60 0.0321 362 
46 4.64 4.30 0.0351 335 
4.2.2.6. NMR study 
NMR and related techniques (DOSY, NOESY) are powerful methods for investigation of 
host-guest interactions between dendritic polymers and complexed molecules.
175-179
 However, 
the imperfectness of the dendritic structure of PEI-Mal and hence broadness of its NMR signals 
prevent a detailed investigation of the influence of GMs on the chemical shifts of PEI-Mal. 
Therefore, techniques like 
1
H-
1
H-NOESY cannot be applied. However, the use of target guests 
with pH-, environment-, or concentration-sensitive chemical shifts of signals gives a chance to 
shed light on host-guest properties of PEI-Mal. Two methods were applied to investigate the 
interactions between ATP and various PEI-Mal structures: DOSY and 
1
H NMR. 
Diffusion Ordered Spectroscopy. DOSY experiments were carried out using the pre-
purified ATP@PEI-Mal-B25 (G/H = 14, 30, and 46) complexes and the non-purified ATP/PEI-
Mal-A25 (G/H = 28), ATP/PEI-Mal-B25 (G/H = 90), ATP/PEI-Mal-C25 (G/H = 6), and 
ATP/PEI-25kDa (G/H = 3.6 and 13) mixtures as well as the pure components in 10 mM D2O-
based PBS at pH 7.4 to get additional information about the ATP/PEI-Mal interactions. Since the 
molecular weight and, consequently, the hydrodynamic radius r of PEI-Mal is much higher than 
that of ATP, their self-diffusion constants D and diffusion velocities should sufficiently differ in 
accordance with the Stokes-Einstein equation (10) 
   
  
    
 (10) 
where k is the Boltzmann constant, T is the temperature in Kelvin, and η is the viscosity of 
the solution in Pascal seconds. However, if binding of ATP to PEI-Mal is strong enough, both 
the guest and host should diffuse with an equal rate. Also, if only a part of the ATP is bound to 
PEI-Mal, the diffusion coefficient should be a simple average of the diffusion coefficients of 
bound and free ATP multiplied by their fractions. For instance, the diffusion coefficient of ATP 
in the presence of PEI-25kDa lies between those of PEI-25kDa and ATP alone (Figure 46). It 
means, that at least a part of ATP molecules is strongly bound to PEI-25kDa macromolecules. 
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Figure 46. DOSY spectra: (a) ATP alone; (b) mixture of ATP/PEI-25kDa, G/H = 13 (solution was turbid); 
(c) mixture of ATP/PEI-25kDa, G/H = 3.6. T = 298 K. 
The signal of the water protons was used to ascertain the constancy of the solution viscosity. 
It was determined that upon addition of PEI-Mal all samples are characterised by similar 
diffusion coefficients of the water protons (DH2O = 19.9 ±0.1  10
-10
 m
2
/s) indicating a constant 
value of the viscosity. The diffusion coefficients of PEI-Mal-A25, -B25, and -C25 alone and in 
the presence of ATP are given in Table 7. Thus, the decrease of the shell density of PEI-Mal 
results in a gradual decrease of their diffusion coefficients. PEI-Mal-B25 has slightly higher 
diffusion coefficients being complexed with ATP and, consequently, decreased radius (Figure 
47). This observation is in line with the conclusions previously done on the SAXS experiments 
(Chapter 4.2.2.5).  
Table 7. Intensity diffusion coefficients (Dint) of PEI-Mal in the different G/H ratios. 
Sample Dint  10
-10
 [m
2
/s]
a log Dint [m
2
/s] 
PEI-Mal-A25 0.90 -10.04 
PEI-Mal-B25 0.54 -10.27 
PEI-Mal-C25 0.52 -10.28 
Mixtures of PEI-Mal-B25 and ATP with G/H  
14 0.62 -10.21 
30 0.67 -10.17 
46 0.63 -10.20 
90 0.70 -10.16 
a
 Diffusion coefficients of PEI-Mal were calculated as the average of the diffusion coefficients of the protons at 
5.03 ppm (H-1
II
 of PEI-Mal) and 3.77 ppm (the maximum of the broad peak of maltose protons). 
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The diffusion coefficients of ATP in comparison to those of PEI-Mal are under much higher 
influence of both G/H and the type of the maltose shell (Figure 47, Table 8). Thus, in the mixture 
of ATP with PEI-Mal-A25 at G/H = 28 the diffusion coefficients of ATP are almost equal to 
those of ATP alone. It serves as evidence of exclusively weak interactions between ATP and 
PEI-Mal-A25. At this point it should be also noted that a similar experiment at G/H = 6 failed 
because of the impossibility to detect the signals of ATP even after 12h measurement time due to 
the too low intensity of the signals of the ATP protons. 
 
Figure 47. DOSY spectra: (a) PEI-Mal-B25 and ATP alone; (b) mixture of ATP/PEI-Mal-A25 (G/H = 28); 
(c) mixture of ATP/PEI-Mal-B25 (G/H = 90); (d-f) complexes of ATP@PEI-Mal-B25 (G/H = 46, 30, and 14); 
(g) mixture of ATP/PEI-Mal-C25 (G/H = 6). T = 298 K. 
The diffusion coefficients of ATP in the presence of PEI-Mal-B25 show strong dependency 
on G/H. Thus, for G/H = 14 they are almost equal to those of PEI-Mal-B25, indicating that ATP 
and PEI-Mal-B25 move in the solution as a single particle. In turn, this means that virtually all 
ATP molecules in this complex are tightly scaffold-bound. For the complexes with G/H = 30 and 
46 and the mixture with G/H = 90 the diffusion coefficients lie somewhere between those of 
ATP and PEI-Mal alone. Since for these experiments pre-purified complexes were used, one can 
conclude that a part of detected ATP consists of weakly surface-bound molecules besides tightly 
scaffold-bound ones. It should be also mentioned that only one signal of H-8 was detected (see 
below). 
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Table 8. Intensity diffusion coefficients (Dint) of ATP in the different G/H ratios. 
Sample Dint  10
-10
 [m
2
/s]
a log Dint [m
2
/s] 
ATP 3.72 -9.43 
Mixtures of PEI-Mal-A25 and ATP with G/H  
28 3.20 -9.49 
Mixtures of PEI-Mal-B25 and ATP with G/H  
14 0.56 -10.25 
30 1.24 -9.91 
46 1.44 -9.84 
90 2.56 -9.59 
Mixtures of PEI-Mal-C25 and ATP with G/H  
6 0.62 -10.21 
a
 Diffusion coefficients of ATP were calculated as average of the diffusion coefficients of the protons at 8.17-8.22 
ppm (H-2) and 6.11-6.13 ppm (H-1’).  
 
1
H NMR titration experiments. Much attention was previously directed to the investigation 
of interactions between ATP and polyamine molecules. Thus, Meksuriyen et al. found that the 
31
P peaks of β- and γ-phosphate units were broadened upon spermine binding to ATP at pH 7.8 
indicating interactions between the phosphate groups of ATP with the polyamine.
180
 
Investigation of the solutions of ATP-loaded liposomes by 
31
P-NMR revealed that the phosphate 
resonances of ATP, loaded into the liposomes, were considerably broader than those of free 
ATP.
181
 However, a large influence on the 
1
H signals was not observed. Using two-dimensional 
1
H-
15
N NMR spectroscopy Song et al. found a significant shift of the N-1 peak of the adenine 
ring at a pH range from 2.0 to 7.0, suggesting ATP binding by its N-1 site to spermidine 
molecules.
165
 Recent investigations of Murata et al. showed that weak interactions between ATP 
and polyamine molecules (for instance, spermine) promote the bent conformation of the 
polyamines.
182
 Tribolet et al. investigated aromatic-ring stacking and self-association of ATP 
molecules in aqueous solutions by 
1
H-NMR.
164
 It was shown that at a broad range of pH values 
from 1.5 to 8.4 the chemical shifts for the protons H-2, H-8, and H-1’ (Figure 37) depended on 
the concentration of ATP. Thus, due to the stacking of the adenosine moieties at pH 8.4 an 
upfield shift of the aforementioned protons by ~0.15-0.35 ppm was observed. Corfù et al. 
showed that chemical shifts of the protons H-2, H-8, and H-1’ in infinitely diluted and infinitely 
concentrated D2O solutions underwent downshift by ~0.2-0.3 ppm upon reduction of the pH 
from 7.0 to 2.0.
183
  
Therefore, one can suppose that interactions of ATP with the PEI core of PEI-Mal should 
lead to a shift and/or broadening of ATP resonances. Thereby, mixtures of ATP and PEI-25kDa 
or PEI-Mal in buffer solutions at pH 7.4 were investigated by NMR to get more information 
about the type of their interactions, location of ATP within the PEI-Mal scaffold, and presence of 
isolated or aggregated ATP molecules. 
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Initially, 6.5 mM ATP buffer solutions were investigated at pH 1.6, 7.4, and 11.5 by 
1
H-
NMR to prove the absence of the aromatic self-stacking (Table 9). Determined chemical shifts 
were closed to those calculated for monomeric ATP in D2O solutions.
164
 Chemical shifts of the 
H-2 and H-8 protons (Figure 37) were later used for distinction between free and bound ATP 
molecules. Under the investigated conditions the peaks of H-1′, H-2, and H-8 are narrow; H-1′ is 
a doublet, and H-2 and H-8 are singlets. 
Table 9. 
1
H NMR signals of H-1´, H-2 and H-8 from 6.5 mM ATP solution at pH 1.6, 7.4, and 11.5. 
Proton of ATP pH 1.6 pH 7.4 and 11.5 
H-1’ 6.19 (d)  6.16 (d) 
H-2 8.45 8.28 
H-8 8.65 8.55 
 
NMR titration experiments were carried out by gradual titration of phosphate buffer solutions 
of PEI-Mal-A25, -B25, -C25 and non-modified PEI-25kDa at pH 7.4 with the buffer solution of 
10 mg/ml ATP (Figure 48, Figure 49, Appendix 3). The concentration of the polymers was 
chosen to provide the similar amount of amine groups in all the solutions. 
1
H-NMR spectra of 
ATP at the different G/H ratios with the PEI-25kDa and PEI-Mal macromolecules are presented 
in Figure 48. It can be clearly seen that the presence of a polymer alters the shape and position of 
the peaks significantly. 
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Figure 48. 
1
H NMR spectra of 10 mM phosphate buffer solutions at pH 7.4 containing 0.18 µmol (black curves) or 
2 µmol (red curves) of ATP and (a) 0.16 µmol PEI-25kDa, (b) 0.08 µmol PEI-Mal-A25, (c) 0.16 µmol -B25, or 
(d) 0.16 µmol -C25. Sample volume 0.71 ml (black curves) or 0.81 ml (red curves). 
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Figure 49. Chemical shifts of the (a) H-8, (b) H-2, and (c) H-1’ protons in presence of PEI-25kDa and PEI-Mal.  
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In the presence of PEI-25kDa at G/H = 1 a visible downfield shift of the narrow H-8 (s, 
8.60 ppm) and H-2 (s, 8.29 ppm) signals takes place. Upon increase of G/H to 13, the signals 
gradually shift upfield reaching 8.55 ppm and 8.22 ppm for the H-8 and H-2 resonances, 
respectively. At G/H = 13 increased turbidity of the solution is observable. Subsequent addition 
of ATP (G/H ≥ 14) induces precipitation of the solution forbidding continuation of the 
experiment. Taking into account the results of DOSY (Figure 46) and isothermal titration 
calorimetry experiments,
12
 which indicated formation of stable complexes of ATP@PEI-25kDa, 
the initial downfield shift of the H-8 and H-2 signals is attributed to interactions of ATP with the 
hb PEI-25kDa scaffold. The same isothermal titration calorimetry investigation suggested the 
existence of electrostatic interactions between the cationic PEI-25kDa and the anionic ATP 
molecules and binding of up to 100 ATP per PEI-25kDa macromolecule.
12
 It means, that a high 
amount of ATP molecules is distributed in the close proximity to PEI-25kDa macromolecules. 
Since a PEI-25kDa macromolecule is a finite body, all the electrostatically bound ATP 
molecules are situated in a limited volume in the PEI scaffold and around it. Therefore, the local 
concentration of ATP molecules around PEI-25kDa macromolecules might be high enough for 
the π-π-stacking interactions between ATP molecules to become apparent as it is described for 
highly concentrated ATP solutions
164
. Then, the gradual upfield shift of the signals is suggested 
to be the result of aromatic stacking interactions between bound ATPs (Figure 50). As a 
simplified working hypothesis for the interaction of ATP with the pure PEI-25kDa scaffold, we 
suggest the following interaction mechanism. Initially, at G/H = 1 only interactions of ATP with 
the PEI-25kDa core are observed, including the corresponding downfield shift of the NMR-
signals. Then, at the higher G/H ratios the increase of the ATP concentration in the PEI-25kDa 
core initiates π-π-stacking of bound ATP molecules observable by the now commencing upfield 
shift of the NMR signals. With subsequently increase of G/H ratios ATP molecules are located 
in the interior of PEI-25kDa macromolecules close to the surface and on their surface. Therefore, 
the following scenarios might be induced. Firstly, π-π-stacking interactions between surface-
bound ATP molecules on the surface of one single PEI-25kDa and, secondly, π-π-stacking 
interactions between surface-bound ATP molecules on surfaces of at least two different PEI-
25kDa. In the latter case the diameter of the complex increases drastically as it was determined 
by the DLS study (Appendix 2). Finally, precipitation occurs due to charge shielding of PEI-
25kDa by ATP molecules. It should be mentioned that aggregation and precipitation of 
complexes of polyelectrolyte dendritic macromolecules and aromatic GMs by π-π-stacking 
interactions have been recently described by Gröhn et al. (Chapter 2.2.4).
15-22, 184
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Figure 50. Scheme of ATP interactions with pure PEI-25kDa. G/H = 1 – interactions of ATP with the PEI-25kDa 
scaffold; G/H = 2 to 12 – π-π-stacking of ATP molecules, bound in the PEI-25kDa scaffold and on the PEI-25kDa 
surface; G/H ≥ 13 – charge shielding of PEI-25kDa by ATP and π-π-stacking between surface-bound ATP of 
different macromolecules. 
In the presence of PEI-Mal-A25 the chemical shifts of the H-8 and H-2 protons of ATP 
remain constant at 8.55 and 8.27 ppm, respectively, confirming the absence of any strong 
interactions between the hb core and ATP. It correlates with the results of the DOSY 
experiments (Figure 47). However, sufficient signal broadening after ATP mixing with PEI-Mal-
A25 (the signal of H-1’ turns even from a doublet to a broad peak) indicates the limited 
rotational and diffusional mobility of the protons of ATP after the complex formation.
59
 Also, 
the results of the ITC
12
 and uptake experiments (Figure 40) indicate that ATP molecules do form 
complexes with PEI-Mal-A25 macromolecules. Therefore, the dense maltose shell of PEI-Mal-
A25 prevents penetration of ATP into the PEI core, but interacts itself with ATP by means of 
weak H-bonding and very weak electrostatic interactions (Figure 51). Such cooperative non-
covalent interactions were recently described for smaller PEI-Mal-B5 macromolecules. They can 
interact as artificial tubulating proteins during the morphological transformation of anionic 
vesicles into tube-like networks. PEI-Mal-B5 is located at the junction points of a tube-like 
network to fix together single tube-like entities.
185
 Such weakly bound ATP molecules are 
further named as surface-bound ATP. 
 
Figure 51. Scheme of ATP interactions with dense shell PEI-Mal-A25.  
surface-bound ATP
Results and discussion  70 
 
Mixtures of ATP with PEI-Mal-B25 and -C25 show both the interaction behaviour typical 
for PEI-25kDa and PEI-Mal-A25 as described above. Additionally, a second signal for H8  
(H8b 8.54-8.52 ppm) appears, indicating that some ATP is located in a third kind of 
environment. Thus, as found for non-modified PEI-25kDa, the exactly same displacement of the 
chemical shifts of H-2 and H-8 is observed (Figure 49). Similar to the ATP interactions with 
PEI-Mal-A25, the signals of H-2 and H-8 are broad, and the peak of H-1’ is a singlet (Figure 48). 
However, a dramatic difference in the spectra in the presence of PEI-Mal-B25 and -C25 from the 
aforementioned examples exists. Thus, at G/H = 1 the H-8 proton has two distinct signals: a 
narrow one at 8.64-8.62 ppm (H-8a) corresponding to ATP bound in the PEI core (core-bound 
ATP), as signal is identical to that observed for PEI-25kDa, and a broad one at 8.54-8.52 ppm 
(H-8b) related to ATP presented in the maltose shell (shell-bound ATP; Figure 52). Also, the 
peak of H-2 is characterised by an upfield shoulder (Figure 48). Upon increase of G/H to 16, the 
signals gradually shift upfield reaching 8.53 ppm, 8.43 ppm, and 8.22-8.20 ppm for H-8a, H-8b, 
and H-2, respectively (Figure 49). It is related to new π-π stacking interactions among the ATP 
molecules within the scaffold of PEI-Mal macromolecules upon the increase of the local ATP 
concentration. Here it should be mentioned that the H-8b signal, at 8.55-8.45 ppm, can be 
attributed both to ATP presented in the solution, adsorbed on the shell surface, or complexed by 
the shell. However, its gradual upfield shift indicates formation of π-π stacked dimers and 
oligomers that is not typical for both unbound and surface-bound ATP at the investigated 
concentrations. Therefore, the H-8b signal belongs to ATP complexed by the maltose shell. 
Whereas further increase of G/H leads to the precipitation of the ATP/PEI-Mal-C25 solution, the 
mixture of ATP and PEI-Mal-B25 remains stable. Indeed, the higher amount of maltose units in 
PEI-Mal-B25 provides better shielding of its charge and higher solubility in buffer solutions. An 
increase of G/H results in almost complete disappearance of the H-8b signal and the H-2 upfield 
shoulder, while the H-8a signal is caused by the presence of surface-bound and unbound ATP 
molecules, which display the same chemical shifts of their NMR signals.This hypothesis about 
penetration of ATP molecules into the scaffold of PEI-Mal macromolecules is supported by the 
results of the SAXS experiments, which show that shrinkage of PEI-Mal-B25 macromolecules in 
the presence of ATP takes place up to the G/H = 46 (Figure 45). 
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Figure 52. Scheme of ATP interactions with open shell PEI-Mal-B25 and PEI-Mal-C25.  
To eliminate the possibility that the observed splitting of H-8 and H-2 signals is a result of 
conversion of ATP into ADP and AMP, consequently, the presence of various adenosine-
contained species, long term 
1
H and 
31
P NMR measurements of ATP and its mixtures with PEI-
Mal-A25 and -B25 were carried out (Figure 53, Appendix 4). It appeared to be that, both in the 
absence and in the presence of PEI-Mal macromolecules in solution, ATP molecules do not 
undergo hydrolysis. Thus, no presence of AMP nor ADP was observed in 
31
P NMR spectra of 
ATP even after a long period of time (Figure 53), while absence of any continuous process can 
be also discovered from
 1
H NMR spectra (Figure 114 and Figure 116 of Appendix 4). 
31
P data by 
themselve are indicative of PEI-Mal interactions with ATP phosphates.
165
 Although the detailed 
investigation of an influence of G/H on shifts of α-,β-, and γ-phosphates of ATP was not carried 
out, some useful information can still be obtained. Taking in mind the results presented in 
165, 180
, 
the following conclusions can be done. Thus, in the presence of PEI-Mal-A25 and -B25, α-,β-, 
and γ-phosphate peaks are downfielded, which means that PEI-Mal macromolecules interact 
with phosphate groups of ATP (Figure 53). Then, both PEI-Mal-A25 and -B25 induce significant 
downfield shift of β-, and γ-phosphate peaks, but have only little effect of an α-phosphate peak. 
However, PEI-Mal-B25 has much stronger effect on the γ-phosphate peaks than PEI-Mal-A25. It 
means that, firstly, that PEI-Mal macromolecules interact preferably with β-, and γ-phosphate 
groups of ATP, and secondly, interactions between PEI-Mal-B25 with phosphate groups of ATP 
are stronger than those of PEI-Mal-A25. 
core-bound ATP
shell-bound ATP
surface-bound ATP
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Figure 53. 
31
P NMR spectra of 1 mg/0.7 ml ATP alone and in the presence of PEI-Mal-A25 and PEI-Mal-B25 in 
10 mM PBS at pH 7.4; (a) – ATP alone, measurements done immediately after dissolving ATP, (b) – ATP in the 
presence of 5.8 mg/ml PEI-Mal-A25, measurements done 264.5 h after dissolving ATP (PEI-Mal-A25 was added 
125 h after the start of the experiment), (c) – ATP in the presence of 5.0 mg/ml PEI-Mal-B25, measurements done 
140.5 h after dissolving ATP. 
Distribution of the signal area of the H-8a and H-8b protons in the mixtures of ATP with 
PEI-Mal-B25 or -C25 is depicted in Figure 54. Analysis of the plot, which belongs to the 
mixture of ATP and PEI-Mal-B25, shows that both the curves of H-8a and H-8b consist of two 
parts (Figure 54a). The curve of the H-8b peak gradually grows in the G/H range from 0 to 30 
and decreases in the G/H range from 30 to 100 due to the continuously broadening peak  
(Figure 48c). Since the H-8b peak is attributed to shell-bound ATP molecules, one can conclude 
that up to 11 ATP molecules are encapsulated within the shell of PEI-Mal. However, the same 
assumption cannot be done from the H-8a peak because at G/H ≥ 15 it can be attributed both to 
core-bound, surface-bound, and free ATP. Applying the same logic, one can say that PEI-Mal-
C25 encapsulates at least 6 ATP molecules in its shell. Further calculations cannot be done since 
the mixture tends to precipitate at G/H > 16.  
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Figure 54. Distribution of ATP molecules between H-8a and H-8b signals from 1H-NMR spectra of the ATP 
mixtures with (a) PEI-Mal-B25 or (b) PEI-Mal-C25.  
4.2.3. Interactions with rose bengal (RB) 
4.2.3.1. Main properties of RB 
Rose bengal (RB) is a hydrophilic aromatic xanthene dye (Figure 55). It exists in two 
different states: at pH  4 in the quinoid form as an anionic dye with 1 at 549 nm and 2 at 517 
nm; at pH  3 in the lactonic form as an almost colourless neutral dye (Figure 55). Because of 
the strong UV-Vis absorption and unique photochemical properties RB gained high interest both 
in photochemistry,
186
 molecular electronic,
187
 and cancer treatment
188, 189
 as well as a model 
hydrophilic aromatic GM for investigation of complexation processes.
190-192
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Figure 55. Lactonic and quinoid forms of rose bengal.  
RB tends highly to aromatic self-stacking. This leads to a decrease of an absorbance ratio of 
the two absorption maxima of the RB spectrum A1/A2.
193
 However, at the investigated 
concentrations RB exists in the non-stacked form (follows from A1/A2) and is characterised by 
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relatively constant absorbance over at least 7d at all pH values except pH 2.0 (Figure 56). 
400 450 500 550 600 650
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
A
b
s
o
rb
a
n
c
e
 [
A
U
]
Wavelength [nm]
 1h
 3h
 5h
 24h
 48h
 72h
 96h
 168h
 192h
a)
400 450 500 550 600 650
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8b)
A
b
s
o
rb
a
n
c
e
 [
A
U
]
Wavelength [nm]
 1h
 3h
 5h
 24h
 48h
 72h
 96h
 168h
 192h
400 450 500 550 600 650
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8c)
A
b
s
o
rb
a
n
c
e
 [
A
U
]
Wavelength [nm]
 1h
 3h
 5h
 24h
 48h
 72h
 96h
 168h
 192h
 
Figure 56. UV-Vis spectra of RB in buffer solutions at (a) pH 2.0, (b) 5.4 and (c) 7.4.  
4.2.3.2. Uptake study 
For quantification of complexation capacities of PEI-Mal towards RB two methods were 
applied: a direct UV-Vis method and a combined method with preceding separation of the 
formed complexes before UV-Vis analysis (the UF/UV-Vis method, see Chapter 4.2.2.2). 
The direct UV-Vis method is based on the assumption that RB molecules in solution with 
PEI-Mal exist only in two forms, bound and free, characterised by different spectra.
194
 This 
supposition works quite well for mixtures with the low G/H ratio (up to 5) but fails for higher 
ratios. The possible reason lies firstly in π-π stacking of RB molecules, and secondly, in the 
presence of different complexation sites of RB within PEI-Mal. It leads to a UV-Vis spectrum 
that is a superposition of the spectra of free, stacked, core-bound, and shell-bound RB. It makes a 
simple approach based on calculation of complexed RB by the Beer-Lambert law for mixtures 
practically inapplicable for the quantitative dye determination in its complexes with PEI-Mal and 
required the use of another, more precise and robust method. Thereby, the already described 
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method based on combination of an ultrafiltration procedure (for separation of free RB 
molecules from those bound to the polymer) with subsequent determination of the amount of 
unbound RB molecules in the filtrate by UV-Vis was applied (the UF/UV-Vis method). It was 
shown that after the necessary initial saturation of the UF cellulose membrane with RB before 
each experiment reproducible results could be achieved.
154
  
For examination of the complexation capabilities of PEI-Mal towards RB, PEI-Mal-A – C 
(with PEI-5kDa and PEI-25kDa core) were mixed with an excess of the dye  in the phosphate 
buffer at pH 7.4 (Experimental part). The UF/UV-Vis approach was applied one hour after the 
mixing of RB and PEI-Mal solutions together and revealed an increasing complexation capacity 
of all PEI-Mal structures towards RB with increase of the size of the PEI core and the G/H ratio 
up to 40 (Figure 57, Appendix 5). Then, the complexation capacity of the glycopolymers reached 
a certain plateau value for very high RB excess (G/H from 40 to 60) and, finally, the highest 
complexation capacity towards RB is given at G/H higher than 100. The observed plateau is 
explained as the result of saturation of the PEI-Mal scaffold with the RB guest molecules, while 
the subsequent raise in the complexation capacity of PEI-Mal might be attributed to the 
appearance of additional capabilities connected to the existence of another carrier form, i.e. 
aggregated PEI-Mal. It should be noted that being left alone for a longer time the solutions of RB 
and PEI-Mal tended to precipitate (Table 10) pointing to aggregation. 
Similar high complexation capacities of PEI-Mal towards RB, described as a total mass of 
RB in complexes (Appendix 5) is given for the structure B and C at different complexation ratios 
(e.g. about 46% for both structures at G/H 50), whereas the complexation capacity of the 
structure A is somewhat lower (e.g. 30% at G/H 50). A significant complexation capacity had 
been proven also by asymmetrical flow field-flow fractionation method on RB@PEI-Mal 
complexes using G/H up to 650.
154
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Figure 57. Complexation capacities of PEI-Mal with various maltose architectures towards RB using PEI core with 
5 kDa (left) and 25 kDa (right).  
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Table 10. Observation of precipitation for various RB/polymer ratios in PBS solution at pH 7.4.
a
 
G/H ratio
b 
PEI-Mal-A25 PEI-Mal-B25 PEI-Mal-C25 PEI-25kDa 
1-1.5 - - - + 
5.8-7.3 - - + ++ 
11.6-14.6 - + + ++ 
34.7-43.7 n.d. + n.d. n.d. 
57.8-72.8 + ++ +++ +++ 
115.7-145.7 + ++ +++ +++ 
a
 “-“ = precipitation was not observed for 1 week of the experiment, after 2 weeks slight precipitate was 
observed; “+” = slow precipitation process, several particles were observed after 1 day; “++” = Fast 
precipitation process, 5 to 30 sec to full turbidity of a medium; “+++” = Extremely fast precipitation, < 1 sec to 
full turbidity of a medium; “n.d.” = no data determined. 
b
 differs for various PEI-Mal structures. 
 
From the above-mentioned series of complexation experiments (Figure 57) one can conclude 
that all PEI-Mal structures are suited to complex anionic RB with only slight differences 
between the maltose structures A – C. However, additional investigations had to be carried out to 
prove the formation of RB@PEI-Mal complexes, to reveal the location of guest RB molecules in 
the scaffold of PEI-Mal, and to explain the observed tendency towards precipitation of several 
RB/ PEI-Mal mixtures. 
4.2.3.3. UV-Vis study 
Overview. Photochemical properties of RB were extensively investigated for the past thirty 
years. Generally, the shape of the absorbance spectrum of RB depends on the polarity of the 
environment, the dye concentration and the presence of complexation agents. Thus, in nonpolar 
solvents the A1/A2 ratio, which is 3:1 in polar solvents, decreases
193
 and a bathochromic shift 
of spectra is observed.
193
 At concentrations above the critical formation of H-type aggregates, 
which are common for xantrene dyes, occurs leading to an increase of the absorbance maximum 
2 and a decrease of the ratio A1/A2.
193
 Also a limiting effect of the RB concentration on the 
bathochromic shift was shown for polymers being derived by nucleophilic displacement of rose 
bengal on poly(styrene-co-vinylbenzyl chloride). Thus, for highly loaded polymers, the red shift 
was influenced by a polymer structure and a distance between two different rose bengal 
molecules immobilised on a macromolecule.
195
 Furthermore, dimerisation of RB on alumina-
coated silica nanoparticles can even cause a decrease of A1/A2.
196
 Sometimes the red shift of 
the RB spectrum is attributed to the complexation of RB by carrier molecules.
194, 197, 198
 The 
bathochromic shift of the absorption maximum of RB as a result of dye complexation was 
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observed for mixtures with bovine serum albumin (1 = 562 nm)
190
 and RNA polymerase 
(1 = 561 nm).
191
 Liposomal encapsulation of RB was determined by the red shift of the 
absorbance maximum (1 = 564 nm).
192
 Even in a relatively hydrophilic environment of a hb D-
mannan polymer modified with poly(L-lactide) a bathochromic shift of up to 560 nm of the RB 
spectrum took place.
198
 Upon aggregation of RB (namely J-type aggregation) in the presence of 
zwitterionic and cationic surfactant molecules during the formation of dye-rich-micelles, a red 
shift of the broadened spectrum was observed.
199
 
Pazckowski et al. showed that AAcan be used to characterise the formation of 
aggregated RB molecules.
195, 200
 Indeed, the maxima at and  are characteristic for 
monomeric and oligomeric RB, respectively, therefore with the increase of the percentage of 
oligomerized molecules the AAratio decreases. Using the same logic Chang et al. concluded 
that encapsulated into liposomes, RB existed in the form of monomeric molecules.
192
 From the 
investigation of the spectrum presented in the work of Wong et al.
197
 one can conclude that RB 
loaded into organosilica hybrid nanopaticles based on graft poly(ether amine)s also existed in the 
monomeric form. However, encapsulation of RB into PEG-attached PAMAM dendrimers with 
cysteine residues led to a decrease of the AAratio.
194
 Therefore it can be concluded that the 
aggregation behaviour of RB molecules strongly depends on the type of the carrier. Karuktis et 
al. showed that the spectral properties of azo dyes electrostatically bound on the surface of 
PAMAM dendrimer depend on the ratio between the components.
201
 In particular, the formation 
of highly ordered dye aggregates with a pronounced red or blue shift of the spectrum was 
observed until nearly 1:1 stoichiometry of dye/dendrimer surface groups.  
To investigate interactions of PEI-Mal with RB ratio- and time-dependent experiments were 
carried out. In the first series the influence of G/H and shell density, and in the second series the 
influence of pH and time on the UV-Vis spectrum of RB was investigated. 
UV-Vis titration experiments. To investigate the influence of G/H ratio on the behaviour of 
the complexes, mixtures of PEI-Mal with RB of the G/H ratios from 1 to 100 with constant 
concentration of RB and varying concentrations of PEI-Mal were measured at pH 7.4. At this pH 
value PEI-Mal is positively charged (Table 4), RB is negatively charged; and, therefore, mostly 
the Coulomb attractions should play a central role in their interactions (Table 11, Figure 58). 
At the low G/H ratios the dye spectrum undergoes both the bathochromic shift and decrease 
of the A1/A2 ratio indicating both encapsulation of RB molecules into the scaffold of PEI-Mal 
and the dye’s partial oligomerisation. It is necessary to mention that the lower the degree of 
maltose functionalisation of the PEI scaffold is, the stronger PEI-Mal influences the absorption 
properties of RB. Thus, at G/H = 1, A1/A2 of RB, obtained in the presence of PEI-Mal-B25 and 
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-C25, is much lower than that obtained in the presence of PEI-Mal-A25 (Table 34). Taking into 
account the previously done conclusions on the presence of variously located ATP in the PEI-
Mal scaffold, one can suppose that the observed differences in the A1/A2 values for the 
different PEI-Mal structures are the result of various types of interactions present in the 
investigated system. Thus, RB cannot penetrate through the dense maltose shell of PEI-Mal-A25 
and the dye is complexed in the relatively hydrophilic maltose shell, whereas RB complexed by 
PEI-Mal-B25 or PEI-Mal-C25 exists in the close proximity to the relatively hydrophobic PEI 
core. 
Table 11. Electronic absorption data in the visible region of analysed RB/PEI-Mal mixtures at pH 7.4. 
Sample Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
RB 0.741 549 517* 3.06 
Mixtures of PEI-Mal-A25 and RB 
G/H = 1 0.599 562 528 2.03 
G/H = 10 0.514 557 531* 1.89 
G/H = 100 0.789 549 518* 2.90 
Mixtures of PEI-Mal-B25 and RB 
G/H = 1 0.498 558 527 1.68 
G/H = 10 0.455 558 527 1.57 
G/H = 100 0.650 549 517* 2.66 
Mixtures of PEI-Mal-C25 and RB 
G/H = 1 0.477 558 527 1.58 
G/H = 10 0.429 559 526 1.49 
G/H = 100 0.659 550 517 2.72 
* due to its poor definition an inflection point of the band was taken as the maximum of absorbance λ2  
In the row of PEI-Mal-A25, -B25 and -C25 the bathochromic shift of the absorption 
maximum of RB is noticeable up to the G/H ratio 12, 20, and 30, respectively (Figure 58, 
Appendix 6). The influence of the type of the PEI-Mal shell on the shift of the RB spectrum can 
be related to the increasing charge density of the PEI-Mal macromolecules that resulted in the 
strengthening of electrostatic interactions as well as higher accessibility of the PEI core of the 
PEI-Mal macromolecules with the loose shell for the GMs. It can also be mentioned that A1/A2 
decreases with the increase of G/H (Table 7). This state is mostly present in the mixtures with 
PEI-Mal-C25 (G/H = from 1 to 40, AA = from 1.58 to 1.48), PEI-Mal-B25 (G/H = from 1 
to 20, AAfrom 1.68 to 1.54), and particularly with PEI-Mal-A25 (G/H =from 3 to 16, 
AA= from 2.13 to 1.86). Taking into account one of the hypotheses, which states that with 
a decrease of the ratio AA, the amount of aggregated RB increases,
193
 one can conclude that 
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with the increase of G/H more and more RB molecules exist in a stacked state. At higher G/H 
(Table 7) almost no effect of the PEI-Mal macromolecules on RB absorption is observed, the 
AA ratio is generally higher than two and rises with the increase of the G/H ratio. This effect 
can be connected with a too low concentration of the PEI-Mal macromolecules in the solutions. 
400 450 500 550 600 650
0,0
0,2
0,4
0,6
0,8
a)
A
b
s
o
rb
a
n
c
e
 [
A
U
]
Wavelength [nm]
 RB 
 G/H =1
 G/H = 12
 G/H = 40
400 450 500 550 600 650
0,0
0,2
0,4
0,6
0,8
b)
 RB
 G/H = 1
 G/H = 20
 G/H = 100
A
b
s
o
rb
a
n
c
e
 [
A
U
]
Wavelength [nm]
400 450 500 550 600 650
0,0
0,2
0,4
0,6
0,8
c)
A
b
s
o
rb
a
n
c
e
 [
A
U
]
Wavelength [nm]
 RB
 G/H = 1
 G/H = 30
 G/H = 100
 
Figure 58. UV-Vis spectra of RB/PEI-Mal-A25 (a), RB/PEI-Mal-B25 (b), and RB/PEI-Mal-C25 (c) mixtures at 
different G/H ratios of components at pH 7.4 in 10 mM PBS (concentration of RB remains constant at all ratios).  
UV-Vis kinetic experiments. Additional information about dye/PEI-Mal interactions was 
obtained through the long-term UV-Vis investigation of selected mixtures of PEI-Mal and RB at 
different pH values. For this purpose solutions of RB and PEI-Mal with the G/H ratio 1, 6, 12, 
and 32 were investigated in 10 mM buffer solutions at pH 2.0, 5.4, and 7.4. Besides high 
biological importance, the choice of these pH values gives the chance to investigate the influence 
of various types of interactions on the stability of a dye-PEI-Mal system. At pH 2.0 PEI-Mal is a 
charged polycation (Table 4), and RB exists in the neutral form, that provides determination of 
the influence of hydrophobic and cation-π interactions in the system. At pH 5.4 and 7.4 PEI-Mal 
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is still a polycation whereas RB exists in the form of a dianion. Therefore, mostly ionic 
interactions should play the leading role in the system. The major difference between the 
dye/PEI-Mal systems at pH 5.4 and 7.4 is that in the former case PEI-Mal bears strong positive 
charge while at pH 7.4 PEI-Mal is either almost neutral (structure A) or weakly charged 
(structures B and C). Thereby, at pH 5.4 the average charge of RB@PEI-Mal complexes (see 
eq. 6, page 61) is positive, while at pH 7.4 suppression of PEI-Mal macromolecules’ charge 
leads to its inversion (Table 12). 
Table 12. Average charge of RB@PEI-Mal complexes at different pH values. 
 Average charge q [e/macromolecule] 
Complex pH 2.0 pH 5.4 pH 7.4 
PEI-Mal-A25 252 35 2 
RB6@PEI-Mal-A25 240 23 -10 
PEI-Mal-B25 191 68 16 
RB1@PEI-Mal-B25 189 66 14 
RB6@PEI-Mal-B25 179 56 4 
RB12@PEI-Mal-B25 -* -* -8 
RB32@PEI-Mal-B25 -* -* -48 
PEI-Mal-C25 219 138 42 
RB6@PEI-Mal-C25 207 126 30 
* – mixture was not investigated. 
 
At pH 2.0 RB exists in the neutral colourless form with a very low absorbance (Figure 56a). 
However, after addition of PEI-Mal into a RB solution the dye immediately turns rose 
demonstrating a typical UV-Vis spectrum of charged RB (Figure 59). The intensity of coloration 
of RB/PEI-Mal (G/H = 6) solutions, independently on the type of PEI-Mal structure applied (A, 
B, C), arises gradually within the period of several days (Figure 59a-c). At the same time 1:1 
mixture as exemplified by the RB/PEI-Mal-B25 solution achieves its limiting values already 
after the first hour after mixing, indicating a constraint on the complexation process from both 
the G/H ratio and time of the experiment. A similar influence of the scaffold on RB had been 
already mentioned by Rosenthal pointing out that acidified rose bengal solutions re-develop their 
rose-red colour by addition of a protein due to complexation of RB with proteins.
202
  
The comparison of the A1/A2 values gives additional information about the location of RB 
molecules in the complexes with PEI-Mal at pH 2. Firstly, all investigated mixtures of RB and 
PEI-Mal-B25 are characterised by extremely low ratios between the absorbance maxima, even 
lower than those observed for the samples at pH 7.4 (Table 13). Secondly, while at G/H = 1, the 
A1/A2 values do not change for over a week (Figure 59, a), those at G/H = 6 undergo 
considerable decrease over the same period indicating an altered complexation process  
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(Figure 59, b-d). Thereby one can conclude that RB, being complexed by PEI-Mal 
macromolecules, exists in a specific microenvironment which assists dye transition to the 
quinoid form. Moreover, from the decrease of A1/A2 one can suppose the following: firstly, RB 
is present in the PEI-Mal scaffold in a stacked dimeric (or generally oligomeric) form; secondly, 
complexation of a larger amount of RB molecules into PEI-Mal macromolecules is a time-
dependent process at pH 2. 
Table 13. Electronic absorption data in the visible region of analysed RB/PEI-Mal mixtures at pH 2.0. 
Sample Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
RB* 0.687 549 517** 3.06 
Mixtures of PEI-Mal-A25 and RB     
G/H = 6, 1 h 0.101 567 527 1.98 
G/H = 6, 168 h 0.290 558 526 1.43 
Mixtures of PEI-Mal-B25 and RB     
G/H = 1, 1 h 0.414 555 525 1.34 
G/H = 1, 168 h 0.383 555 525 1.32 
G/H = 6, 1 h 0.202 558 526 1.49 
G/H = 6, 168 h 0.334 556 525 1.33 
Mixtures of PEI-Mal-C25 and RB     
G/H = 6, 1 h 0.095 565 528 2.01 
G/H = 6, 168 h 0.275 559 525 1.34 
* data corresponds to pH 7.4 
** due to its poor definition an inflection point of the band was taken as the maximum of absorbance λ2  
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Figure 59. Time-dependent UV-Vis analysis of RB:PEI-Mal mixtures at pH 2.0: (a) RB/PEI-Mal-B25, G/H = 1; 
(b) RB/PEI-Mal-B25, G/H = 6; (c) RB/PEI-Mal-A25, G/H = 6; (d) RB/PEI-Mal-C25, G/H = 6. 
At pH 5.4 and 7.4 RB exists in the quinoid coloured form with the maximum of absorbance 
at 549 nm. Assuming 100% encapsulation efficiency, its complexes with PEI-Mal at different 
G/H exist either in a strong or only in a slightly charged form (Table 12) that certainly should 
alter their behaviour. Thus, it can be reflected on their UV-Vis spectra (Figure 60, Figure 61).  
At pH 5.4 (Table 14) the presence of PEI-Mal-B25 in a solution of RB results in the red shift 
of its spectra to 555-558 nm and a moderate decrease of the absorbance with the course of time 
(Figure 60). However, at G/H = 6 the spectrum undergoes much stronger decrease of absorption 
accompanied by stronger decrease of the A1/A2 values than that at G/H = 1 (Table 14). It can 
be seen that after a week of measurements A1/A2 at G/H = 6 is even lower than that at G/H = 1 
indicating a higher content of RB oligomers in the solution. However, as opposed to the RB/PEI-
Mal-B25 mixture at pH 2.0, it is not confidently clear whether these oligomers have been formed 
in the PEI-Mal scaffold or independently in the solution. Clarification of the aggregate formation 
for various G/H ratios is provided below, after the presentation and discussion of additional size 
characterisation experiments. 
83 Results and discussion 
400 450 500 550 600 650
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7a)
A
b
s
o
rb
a
n
c
e
 [
A
U
]
Wavelength [nm]
 RB
 1h
 24h
 192h
400 450 500 550 600 650
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7b)
A
b
s
o
rb
a
n
c
e
 [
A
U
]
Wavelength [nm]
 RB
 1h
 24h
 192h
 
Figure 60. Time-dependent UV-Vis analysis of RB:PEI-Mal-B25 mixtures at pH 5.4: (a) G/H = 1; (b) G/H = 6.  
Table 14. Electronic absorption data in the visible region of analysed RB/PEI-Mal mixtures at pH 5.4. 
Sample Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
RB 0.687 549 517* 3.06 
Mixtures of PEI-Mal-B25 and RB     
G/H = 1, 1 h 0.485 559 527 1.70 
G/H = 1, 168 h 0.445 555 526 1.57 
G/H = 6, 1 h 0.458 557 526 1.53 
G/H = 6, 168 h 0.354 558 525 1.37 
* due to its poor definition an inflection point of the band was taken as the maximum of absorbance λ2  
 
At pH 7.4 the charge of PEI-Mal is sufficiently lower than at pH 5.4 and interactions with 
RB molecules can theoretically lead to total suppression and inversion of the PEI-Mal 
macromolecule’s surface charge (Table 12). Six different mixtures with RB were investigated at 
pH 7.4, namely PEI-Mal-A25 at G/H = 6, PEI-Mal-B25 at G/H = 1, 6, 12, and 32, and PEI-Mal-
C25 at G/H = 6. At pH 7.4 both RB1@PEI-Mal-B25 and RB6@PEI-Mal-B25 complexes carry a 
positive charge (as it was proven by zeta-potential measurement, Figure 65), while the other 
investigated mixtures should be neutral or overcharged. 
PEI-Mal-A25 is characterised by a very low surface charge at pH 7.4 (according to the 
results of polyelectrolyte titration each PEI-Mal-A25 macromolecule carries only two protonated 
amino groups). Interactions with negatively charged RB, expecially at high G/H, can lead to 
complete compensation and overcharging of the polymer’s charge. Thus, RB6@PEI-Mal-A25 
should be slightly overcharged (Table 12). Initially the absorption maximum of its UV-Vis 
spectrum λ1 undergoes a strong shift up to 559 nm (Figure 61a), while the absorbance ratio of the 
two absorption maxima indicates the presence of oligomers (Table 15). However, with the 
course of time λ1 shifts back to 553 nm with almost complete disappearance of the λ2 shoulder 
indicating continuous aggregation
199
 or a slow release process. Therefore, one can suppose that 
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the dense maltose shell of PEI-Mal-A25 does not allow strong ionic binding between the dye and 
PEI-Mal-A25 macromolecules leading to fast degradation of the complexes bound mostly by H-
bond interactions.  
Spectra of RB/PEI-Mal-B25 mixtures at different G/H are characterised by a drastically 
different behaviour (Figure 61b-e). Thus, they are characterised by the maximum at 555-557 nm, 
low Aλ1/Aλ2, and no significant change over a week at G/H = 1 and 6. However, the solution 
becomes very unstable at G/H = 12 showing a time-dependent alteration process. Herein, one 
can sort out two main stages in the behaviour of RB spectra: (1) decrease of absorbance of the 
spectra at the maximum of 557-558 nm, and (2) shift and increase of the absorbance of a typical 
spectrum which resembles the spectrum of pure RB (= 549 nm,  Aλ1/Aλ2 is similar to that of 
pure RB). At higher G/H ratios the observed transformation process becomes faster, and already 
at G/H = 32 the first phase cannot be clearly distinguished. This behaviour is explained further in 
Chapter 4.2.3.4. 
Furthermore, it can be suggested that structures with the loose/open maltose shell complex 
more RB molecules by electrostatic interactions than macromolecules with dense maltose shell. 
It leads to an increased amount of RB molecules aggregated on the surface of PEI-Mal 
macromolecules with the open-shell architecture and consequently to a stronger influence of 
PEI-Mal with structure B on the UV-Vis spectrum of RB observing different spectral shifts. 
Table 15. Electronic absorption data in the visible region of the analysed RB/PEI-Mal mixtures at pH 7.4. 
Sample Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
RB 0.698 549 517* 3.06 
Mixtures of PEI-Mal-A25 and RB     
G/H = 6, 1 h 0.707 559 529 1.84 
G/H = 6, 168 h 0.654 553 521* 1.96 
Mixtures of PEI-Mal-B25 and RB     
G/H = 1, 1 h 0.460 557 527 1.63 
G/H = 1, 168 h 0.417 556 526 1.54 
G/H = 6, 0 h 0.473 557 527 1.59 
G/H = 6, 168 h 0.418 556 527 1.49 
G/H = 12, 1 h 0.310 557 527 1.54 
G/H = 12, 24 h 0.221 557 527* 1.49 
G/H = 12, 168 h 0.384 549 517* 2.96 
G/H = 32, 1 h 0.427 556 527 1.38 
G/H = 32, 168 h 0.885 549 517* 3.01 
Mixtures of PEI-Mal-C25 and RB     
G/H = 6, 1 h 0.443 558 526 1.51 
G/H = 6, 168 h 0.289 551 519* 1.84 
* due to its poor definition an inflection point of the band was taken as the maximum of absorbance λ2  
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Figure 61. Time-dependent UV-Vis analysis of RB solutions at pH 7.4 in the presence of various PEI-Mal 
structures: (a) PEI-Mal-A25, G/H = 6; (b) PEI-Mal-B25, G/H = 1; (c) PEI-Mal-B25, G/H = 6; (d) PEI-Mal-B25, 
G/H = 12; (e) PEI-Mal-B25, G/H = 32; (f) PEI-Mal-C25, G/H = 6.  
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4.2.3.4. Aggregation behaviour of RB/PEI-Mal in solutions 
As it was described in Chapter 2, not only a dendritic scaffold influences the properties of 
complexated molecules, but complexed molecules alter the behaviour of the dendritic scaffold, 
too. In line with this observation, DLS, TEM, AFM, and zeta-potential measurements of various 
RB/PEI-Mal mixtures were carried out to investigate the influence of RB on the properties of 
PEI-Mal.  
DLS. To prove the possible aggregation behaviour, stability experiments were carried out 
with mixtures of RB and PEI-Mal-B25 at a constant concentration of PEI-Mal-B25 and varying 
concentrations of RB in MQ water. It was confirmed that in an aqueous solution mostly isolated 
complexes, which are stable over several days, exist over a wide range of complexation ratios 
(Figure 62).  
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Figure 62. Dynamic light scattering results for the RB/PEI-Mal-B25 mixture in aqueous phase at G/H (a) 5; (b) 50; 
(c) 100.  
Mixtures of RB with PEI-Mal-A25 (G/H = 6) and PEI-Mal-B25 (G/H = 1 and 6) in 10 mM 
phosphate buffer solution at pH 2.0, 5.4, and 7.4 were investigated for a week (Figure 63). 
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Initially at pH 2.0, all the mixtures are characterised by increased particles sizes (up to 35 nm) 
that gradually decreased within an hour. Subsequently, the solutions exist in the form of single 
RB molecules on the first view and remain stable at least for a week due to solubilisation in PEI-
Mal macromolecules. Initially observed 20-30 nm aggregates can be ascribed to RB particles, 
which are formed in the solution due to the low solubility of non-charged RB at pH 2.0. The 
results of the DLS experiments unambiguously show that the observed decrease of the A1/A2 
values during the UV-Vis kinetic experiments is the result of oligomerisation of RB molecules 
on/in the scaffold of PEI-Mal and not a consequence of the PEI-Mal macromolecule aggregation 
around RB agglomerates. 
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Figure 63. Time-dependent dynamic light scattering analysis of RB/PEI-Mal complexes at pH 2.0.  
In 10 mM acetic buffer solution at pH 5.4 RB@PEI-Mal complexes formed by different PEI-
Mal structures and different G/H have different solution behaviour (Figure 64). Thus, a solution 
of PEI-Mal-A25 and RB (G/H = 6) exists in the form of isolated RB/PEI-Mal-A25 complexes 
showing size dimensions in the range of single PEI-Mal-A25 macromolecules and remains stable 
for a week. A solution of PEI-Mal-B25 and RB (G/H = 1) demonstrates no tendency for 
aggregation after 5 d, whereas a solution at G/H = 6 exists mostly in the form of aggregated 
RB@PEI-Mal-B25 complexes with particle dimensions in the scale from 30 to 1000 nm. 
Thereby the observed decrease of absorbance is stimulated by precipitation of RB@PEI-Mal 
complexes (Figure 60). The observed aggregation behaviour of RB@PEI-Mal-B25 complexes 
cannot be explained only by the suppression of the complexes’ charge by RB, since at this 
particular pH the measured charge density of pure PEI-Mal-A25 (30 e/macromolecule, Table 12) 
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is about twice as low as the theoretical charge density of the RB@PEI-Mal-B25 complexes (66 
and 56 e/macromolecule, respectively). Moreover, the zeta potential of PEI-Mal-B25 in 6:1 
mixture with RB coming up to 40 at pH 5.4 should have provided its stability in the solution 
(Figure 65). 
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Figure 64. Time-dependent DLS analysis of RB/PEI-Mal mixtures at pH 5.4.  
 Taking into account the decrease of A1/A2 observed during the UV-Vis experiments with 
the RB/PEI-Mal-B25 mixtures (Figure 60), we can conclude that a slow oligomerisation process 
of RB molecules takes place in close proximity to the PEI-Mal-B25 scaffold and involves 
multiple PEI-Mal-B25 macromolecules. In other words RB molecules being attached to different 
PEI-Mal macromolecules interact with each other by means of π-π stacking forming “dye 
bridges” between the PEI-Mal-B25 macromolecules. Therefore, the formation of RB@PEI-Mal 
aggregates with a core of aggregated RB surrounded by a shell of PEI-Mal-B25 takes place. In 
addition, this assumption fits well to the previously one that PEI-Mal scaffolds with the open 
(structure B and C) and dense (structure A) shells interact differently or with different strength 
with GMs. Weaker interactions of RB with PEI-Mal-A25 do not alter the properties of RB to the 
same extent as those of PEI-Mal-B25, dimers of RB do not form and aggregation of PEI-Mal-
A25 does not occur when applying lower G/H ratios. 
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Figure 65. Zeta potential dependency on pH for PEI-Mal-B25, mixture of RB/PEI-Mal-B25 (G/H = 6), and pre-
purified complex RB30@PEI-Mal-B25.  
In 10 mM phosphate buffer solution at pH 7.4 PEI-Mal-A25 is almost neutral and PEI-Mal-
B25 is slightly positive (Table 12). Thereby, formation of RB6@PEI-Mal complexes should 
invert the charge of PEI-Mal-A25 and almost completely suppress the charge of PEI-Mal-B25. 
Continuous increase of the amount of RB per complex up to 12 should invert the charge of all 
PEI-Mal complexes. In line with this context a long-term investigation of RB mixtures with PEI-
Mal-A25 (G/H = 6) and PEI-Mal-B25 (G/H = 1, 6, and 12) was carried out (Figure 66). It was 
found that, as well as at pH 5.4, at pH 7.4 the RB/PEI-Mal-A25 solution exists in the form of 
isolated complexes with size dimensions of single PEI-Mal-A25 macromolecules during the 
whole experiment. It indicates the absence of any strong interactions between RB and PEI-Mal-
A25. The mixtures of RB and PEI-Mal-B25 at G/H = 1 and 6 exist in the form of isolated 
complexes as detected for RB/PEI-Mal-A25 complexes or stable aggregates up to 500 nm size. 
Furthermore, no visible precipitation was observed after 7 d. However, further increase of the 
G/H ratio considerably decreases the stability of the solutions. Thus, at G/H = 12 the mixture is 
stable only for the first four hours, and then forms microparticles in the scale of several µm. 
However, with the course of time, sizes of the precipitated particles gradually decrease down to 
500-1000 nm and the precipitate almost disappears. Specifying that different concentrations of 
the RB/PEI-Mal-B25 mixtures (G/H = 1, 6, and 12; Figure 61b-e and Figure 66) were used in the 
series of DLS and UV-Vis experiments, the common tendency of the unusual solution behaviour 
of non-stable RB/PEI-Mal-B25 mixtures may be explored. In both cases after a specific time 
point, the solution behaviour of RB and PEI-Mal-B25 completely changes. Thus, the UV-Vis 
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spectrum of RB undergoes a blue shift, indicating an increase of the concentration of free RB. 
Initially precipitated RB@PEI-Mal-B25 complexes re-dissolve, and their sizes significantly 
decrease. It suggests that the initially observed aggregation process is non-controlled. These 
precipitates can be considered as oversaturated aggregates that disassemble with time. Thus, 
these precipitates undergo self-dissosiation processes caused by (A) the release of excessive RB 
and (B) the presence of smaller particles for RB/PEI-Mal-B25 complexes. 
0,1 1 10 100
10
100
1000
 RB/PEI-Mal-A25, G/H = 6
 RB/PEI-Mal-B25, G/H = 1
 RB/PEI-Mal-B25, G/H = 6
 RB/PEI-Mal-B25, G/H = 12
P
a
rt
ic
le
 s
iz
e
 [
n
m
]
Time [h]  
Figure 66. Time-dependent DLS analysis of RB/PEI-Mal mixtures at pH 7.4.  
The behaviour described by UV-Vis and DLS experiments is explained by the following 
mechanism (Figure 67). Initial complexation and oligomerisation of RB to PEI-Mal-B25 
(confirmed by the red shift of the RB spectrum) are followed by a slow decomplexation and 
precipitation process accompanied by a return of the RB spectrum to the shape of free RB. 
Mixtures of PEI-Mal-C25 with RB demonstrate similar behaviour, but more agile complexation-
decomplexation behaviour even at G/H = 6 (Figure 61f).  
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Figure 67. Proposed model of interactions of rose bengal and PEI-Mal-B25/-C25; (a) encapsulation of RB in the PEI 
core and the maltose shell; (b) self-stacking of RB in the core and the shell; (c) saturation of the core and the shell; 
(d) aggregation of RB@PEI-Mal complexes due to strong self-stacking of complexed RB molecules; (e) assembly 
in stable aggregates or precipitation of the non-stable aggregated complexes; (f) reconstruction of agglomerates and 
release of a part of GMs and PEI-Mal macromolecules. 
Presence of submicron-scale aggregates in the mixtures of RB and PEI-Mal-B25 as well as 
absence of any aggregates in the mixtures of RB and PEI-Mal-A25 was proven with the help of 
TEM, cryo-TEM, and AFM measurements. Thus, both, individual (~17 nm) and aggregated 
(100-200 nm) complexes were found in a one-hour-old solutions of RB and PEI-Mal-B25 at 
G/H = 12 at pH 7.4 (Figure 68). 
 
Figure 68. Cryo-TEM images of the RB/PEI-Mal-B25 solution (G/H = 12) done one hour after mixing.  
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Stable aggregates (100-300 nm) were even observed two weeks after the initial mixing of the 
solutions of RB/PEI-Mal-B25 at G/H = 6 at pH 7.4 (Figure 69). AFM images of RB/PEI-Mal-
B25 solutions at G/H = 6 and 12 revealed the presence of aggregates with average particle size of 
about 67±12 nm and 93±14 nm, respectively (Appendix 8). 
 
 Figure 69. TEM images of two-week-old mixture of RB with PEI-Mal-B25 (G/H = 6) at pH 7.4.  
Supporting DLS, TEM images of a two-week-old RB/PEI-Mal-A25 mixture (G/H = 6) 
indicate the presence of non-aggregated isolated ~15 nm particles (Figure 70) confirming the 
hypothesis about different types of interactions between GMs and macromolecules with core-
shell architectures with open or dense shell. 
 
Figure 70. TEM images of two-week-old mixture of RB/PEI-Mal-A25 (G/H = 6) at pH 7.4.  
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The influence of the G/H ratio can be more clearly shown by a detailed DLS investigation of 
the RB/PEI-Mal-B25 mixtures at G/H = 6, 12, and 32 at pH 7.4. Thus, during an hour after 
mixing the mixture of G/H = 6 exists mostly in the form of isolated complexes with size 
dimensions in the range of single PEI-Mal-B25 macromolecules, whereas the mixture of 
G/H = 12 contains growing amounts of 100-200 nm sized aggregates. Furthermore, the mixture 
of G/H = 32 immediately precipitates (Figure 71). 
0 10 20 30 40 50 60
0
20
40
60
80
100
a)
P
e
a
k
 a
re
a
 i
n
te
n
s
it
y
 [
%
]
Time [min]
0 10 20 30 40 50 60
0
20
40
60
80
100
b)
P
e
a
k
 a
re
a
 i
n
te
n
s
it
y
 [
%
]
Time [min]
0 10 20 30 40 50 60 70
0
20
40
60
80
100
c)
P
e
a
k
 a
re
a
 i
n
te
n
s
it
y
 [
%
]
Time [min]  
Figure 71. Time-dependent size distribution of particles presented in the RB/PEI-Mal-B25 mixtures at (a) G/H = 6; 
(b) G/H = 12; (c) G/H = 32. Particles with sizes in the range of <15 nm, 15-200 nm, and >200 nm are presented as 
black, red, and blue dots, respectively.  
The absence of any self-assembly processes observed for the mixtures of PEI-Mal-B25 with 
RB in aqueous solutions in comparison with those observed at pH 5.4 and 7.4 in buffer solutions 
is an indication of the strong influence of dissolved buffer salts on the aggregation behaviour of 
PEI-Mal. It can be further supposed that using RB@PEI-Mal complexes bearing strong positive 
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or negative charge in aqueous solution, addition of buffer salts promotes further loss of the 
surface charge of RB/PEI-Mal complexes. This leads to aggregation or precipitation of PEI-Mal 
macromolecules via the RB self-stacking process. 
4.2.3.5. SAXS study 
A RB1@PEI-Mal-B25 complex was investigated by SAXS. As well as in the case of the 
ATP@PEI-Mal-B25 complexes, RB1@PEI-Mal-B25 is characterised by a constant shape of the 
scattering curves in a concentration range of 5 to 20 mg/ml over two weeks with the scattering 
characteristics indicating the presence of individual non-interacting particles (Figure 72). 
According to the Kratky plot of the scattering data (inset of Figure 72) RB1@PEI-Mal-B25 exists 
in the form of folded compact nanostructures typical for dendritic structures. 
  
Figure 72. SAXS profiles of PEI-Mal-B25 and its complex with RB (lower black and upper red line, respectively). 
(a) The intensities are on an absolute scale and normalized by the PEI-Mal-B25 concentration, which is 2 mg/ml. 
Inset: Kratky presentation of the SAXS profiles. (b) The intensities are normalised to one at q = 0.06 nm
-1
 for better 
comparison. Curve fits using Beaugage’s unified equation 
174
 are given as black dotted lines. Fit parameters are 
summarised in Table 16.  
The best-fit parameters are summarised in Table 16. More details on the applied simulation 
model are given in Experimental part. It should be noted, that the decrease of the forward 
scattering intensity I0 of the RB@PEI-Mal-B25 complex obtained by extrapolation does not 
agree with the previously published data.
65
 However, both the decrease of the radius of gyration 
Rg and the weight average volume of particles of arbitrary shape V indicates strong interactions 
between the complexated RB molecules and the PEI-Mal scaffold (Table 16). 
a) b) 
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Table 16. Structural characteristics of the PEI-Mal-B25 complexes determined from SAXS. 
Sample, RB/PEI-Mal-B25 ratio I0 [cm
-1
] Rg [nm] B/I0 V [nm
3
] 
0 2.64 5.06 0.0221 472 
1 0.98 3.41 0.0984 172 
4.2.3.6. Release study 
Unusual aggregation behaviour of PEI-Mal-B25 in comparison with PEI-Mal-A25 and its 
higher stability against precipitation in comparison with PEI-Mal-C25 are the major reasons why 
PEI-Mal-B25 was chosen for the release study.  
Two complexes, containing of 1 and 30 RB molecules, were chosen to prove stability of 
RB@PEI-Mal-B25 complexes. RB1@PEI-Mal-B25 exists in the form of isolated complexes 
with size dimension in the range of PEI-Mal-B25 macromolecules, whereas RB30@PEI-Mal-B25 
complexes form aggregates in range from 50 to 190 nm at pH 7.4 (Appendix 8). Therefore, the 
influence of aggregation on the release properties of guest@host complexes was investigated. 
Prepurified complexes were separated by ultrafiltration. After subsequent lyopilisation they were 
dissolved in the corresponding buffer solutions at pH 5.4, 7.4, and 11.5 in the presence of 
154 mM NaCl (Figure 73). Applying the UF/UV-Vis approach (Chapter 4.2.2.2), the stability of 
both complexes was investigated within a week.  
RB1@PEI-Mal-B25 is characterised by a very low release profile (~10 %), both at pH 5.4 
and 7.4, over a week, whereas at pH 11.5 nearly complete release of RB is observed  
(Figure 73a). RB30@PEI-Mal-B25 complex is relatively stable at pH 5.4, but it is characterised 
by a much lower stability at pH 7.4 (Figure 73b). Thus, after a week of measurements at pH 5.4 
release of 10 % of the dye was observed, whereas at pH 7.4 more than 50 % of RB was released. 
Decrease of the release kinetics with the increase of the G/H ratio is the result of different 
types of interactions presented in complexes. Indeed, in the former complex, RB is entrapped 
into the PEI core and leaves it only under strongly basic conditions when both RB and PEI-Mal 
are negatively charged. In the latter complex, the minority of RB molecules is complexed by the 
PEI core, while the majority of dye molecules interacts only with the shell of PEI-Mal and is 
bound relatively weakly. However, the comparison of the release curves obtained for 
ATP45@PEI-Mal-B25 (Figure 43b) and RB30@PEI-Mal-B25 (Figure 73b) shows that aggregated 
complexes demonstrate a two-to-four fold decrease in the release kinetics. It can be explained by 
additional retention forces that exist in the aggregates. Indeed, both ATP and RB are anionic 
hydrophilic molecules able to self-stacking, but only RB interacts in the complexes with PEI-
Mal with more than one PEI-Mal macromolecule. 
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Figure 73. Release properties of RB:PEI-Mal (a) 1:1 and (b) 30:1 complexes at various pH values.  
4.2.4. Interactions with acid red 26 (AR26) 
4.2.4.1. Main properties of AR26 
Acid Red 26 (AR26) is a dianionic water-soluble sulfonated azo dye, which is commonly 
used as a textile dye (Figure 74). Its dissociation constant pKa, obtained by using capillary zone 
electrophoresis and spectrophotometry methods, is 11.28-11.61.
203
 
N N
NaO3S
NaO3S OH
 
Figure 74. Structure of acid red 26 (AR26).  
AR26 was widely used as a counterion in electrostatic self-assembly studies carried out by 
Gröhn et al.
16, 19, 21, 22
 It was shown that the dye could associate with oppositely charged 
PAMAM dendrimers in aqueous solution around charge stoichiometry of the polymer’s charge 
forming stable aggregates of 50-300 nm size.
16
 However, an excess of the dye resulted in 
aggregate growth and final precipitation.
19
 UV-Vis titration experiments showed that upon 
decrease of the G/H ratio band splitting and a blue shift of the absorption maximum of AR26 
took place that was attributed to the formation of H-aggregates.
16
 Simultaneously, elongated 
particles were described both by AFM and SANS measurements.
16, 19
 Their formation was 
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explained by either the specific geometry of the dye consisting of the aromatic and hydrophobic 
moiety that is spatially separated from the hydrophilic part of the molecule or its high stacking 
enthalpy.
19, 22
  
4.2.4.2. Aggregation behaviour of AR26/PEI-Mal-B25 in solutions 
To prove the possibility of formation of elongated or aggregated particles due to self-
assembly of AR26 and PEI-Mal-B25, their mixtures at different G/H ratios (1, 5, 10, 20, and 50) 
were investigated both in water and buffer solution at pH 7.4 by TEM, UV-Vis, and DLS 
measurements.  
Table 17. Average charge of AR26@PEI-Mal complexes at pH 7.4. 
G/H Average charge q 
[e/macromolecule] 
PEI-Mal-B25 alone 16 
1 14 
5 6 
10 -4 
20 -24 
50 -84 
 
Taking into account the described behaviour of AR26/PAMAM mixtures, one can expect 
formation of aggregates even for the G/H ratio 10 due to the presence of the neutralized 
AR26/PEI-Mal-B25 complexes (Table 17). However, for the AR26/PEI-Mal-B25 system in pure 
water no aggregates were detected even at G/H = 50 over a period of more than five weeks 
(Figure 75a). Similar experiments in 10 mM PBS at pH 7.4 showed formation of aggregates only 
at G/H = 50 with high excess of anionic charges in the solution (Figure 75b). A number of 
conclusions can be drawn from these observations. Firstly, the absence of aggregates up to the 
G/H ratio 20 in both water and buffer solutions, indicates either relatively weak dye stacking or 
incomplete charge suppression of the PEI-Mal-B25 macromolecules. Secondly, the absence of 
aggregates in water solutions and their presence in buffer indicates the influence of buffer salts 
on the aggregation process. Indeed, complexes that formed in water still carry some charge, and 
electrostatic interactions do not allow them to aggregate. Also, buffer salts cause “salting out” of 
PEI-Mal-B25 macromolecules, and loss of the charge assists the aggregation process. These 
conclusions are in a good correlation with the already published data.
15, 22
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Figure 75. Time-dependent dynamic light scattering analysis of AR26/PEI-Mal-B25 mixtures at different G/H ratios 
(presented on the legends) in (a) MQ water and (b) 10 mM phosphate buffer solution at pH 7.4.  
Another explanation is given on the base of the zeta potential measurements of the 
AR26/PEI-Mal-B25 (G/H = 50) mixture (Figure 76). Thus, in pure water pH of the solution is 
~8.0, and PEI-Mal-B25 macromolecules are overcharged and bear a relatively high surface 
charge. However, at pH 7.4 the zeta potential of PEI-Mal-B25 macromolecules is diminished 
almost down to zero. Therefore, loss of the surface charge causes aggregation of AR26@PEI-
Mal-B25 complexes. It was not possible to prove the formation of H-aggregates at the 
concentration investigated in the DLS experiments using UV-Vis spectroscopy because of the 
too high UV-Vis absorbance of the AR26 solutions. However, at concentrations low enough to 
apply UV-Vis detection, the precipitation phenomenon was not observed. However, it was 
shown that a blue shift of the absorption maximum of AR26 is much more pronounced in MQ 
water, than in the buffer (Appendix 9). Moreover, almost no band splitting was obtained for the 
buffer solution of G/H = 50 in comparison to those in MQ water. Therefore one can suppose that 
the concentration of PEI-Mal has a strong influence both on formation and stability of micro 
scale aggregates. 
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Figure 76. Zeta potential dependency on pH for PEI-Mal-B25, AR26, and a mixture of AR26/PEI-Mal-B25 
 (G/H = 50).  
Special attention should be paid to the behaviour of the 50:1 mixture in the buffer solution 
(Figure 77). Herein, the presence of the aggregates in the scale of 1 to 2 µm was observed 
immediately after mixing. For the next six hours, gradual growth of the particles up to 16 µm 
took place. The dispersion was stable and did not precipitate. Only on the bottom of a cuvette, a 
thin non-shakable coloured film could be detected. However, the next day non-aggregated PEI-
Mal-B25 particles were observed. For the next six days, the amount of single PEI-Mal-B25 
gradually increased attended by a decrease and disappearance of the peak corresponding to the 
microparticles. 
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Figure 77. Dynamic light scattering results for the 50:1 AR26:PEI-Mal-B25 mixture in 10 mM PBS at pH 7.4.  
The TEM images of the 2 h-old 50:1 mixture prepared in PBS indicated a low content of 
single PEI-Mal-B25 macromolecules, some round-shaped aggregates, and a high content of 
nanofibers normally of 50 nm width and 100 nm to >2 µm length (Figure 78). The formation of 
elongated particles by self-assembly of AR26 with dendritic polymer is in line with the results 
published earlier.
16, 19
 Taking into account the previously discussed results on the RB@PEI-Mal 
and ATP@PEI-Mal complexes, it can be concluded that the main driving force of the nanofiber 
formation is the aromatic stacking of AR26. The presence of the different types of assemblies, 
spherical ones in the case of RB@PEI-Mal-B25 and cylindrical ones in the case of AR26@PEI-
Mal-B25 is attributed to the differences in the geometry of the dyes and the ratio between 
aromatic hydrophobic and hydrophilic parts. 
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Figure 78. TEM images of the 2 h-old 50:1 AR26:PEI-Mal-B25 mixture prepared in 10 mM PBS at pH 7.4;  
(a-b) nanofibers, (c) spherical aggregates. 
Energy-filtered transmission electron microscopy (EFTEM) proved that the obtained 
nanofibers consisted of PEI-Mal macromolecules. Thus, a high content of N and O atoms was 
detected in the scaffold of the nanofiber (Figure 79). 
 
Figure 79. TEM/EFTEM images of AR26/PEI-Mal-B25 nanofiber; (a) TEM image, (b-c) EFTEM images (element 
maps of (b) nitrogen and (c) oxygen).  
Self-assembly of PEI-Mal-B25 and AR26 leads not only to the formation of spherical 
aggregates and nanofibers, but also to the formation of a film on the surface of TEM grids 
(Figure 80). However, due to low concentration of the macromolecules in the solution the film 
undergoes strong stretching causing film breakage (Figure 80b,c). 
500 nm 2 µm 500 nm
a) b) c)
a) b) c) 
500 nm 500 nm 500 nm 
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Figure 80. TEM images of AR26/PEI-Mal-B25 film; (a) rolled film, the inset in (a) is at higher resolution; (b) local 
film rupture; (c) fragments of a broken film. 
The EFTEM analysis of the film was impeded by its insufficient thickness. Therefore, 
nitrogen and oxygen mapping failed. However, carbon mapping gives an indication that the film 
is formed by parallel nanofibers. 
 
Figure 81. TEM/EFTEM images of AR26/PEI-Mal-B25 film; (a) TEM image, (b) EFTEM element map carbon.  
AFM of air evaporated wafers confirmed the formation of nanofibers and their aggregation in 
bundles (Figure 82). The nanofibers were characterised by a uniform width of 12-15 nm, which 
200 nm 200 nm 
a) b) 
Carbon 
film 
AR26@PEI-
Mal-B25 film 
500 nm 500 nm 50 µm 
a) b) c) 
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is close to a typical diameter of the PEI-Mal-B25 macromolecule, and a length up to 50 µm. The 
formation of fibers occurred independently on the concentration of the solution, as it was proven 
for the solutions with the concentration of PEI-Mal-B25 from 0.05 to 0.5 mg/ml. 
 
Figure 82. AFM images (height and phase) and height profiles of AR26/PEI-Mal-B25 nanofibers after evaporation 
of solutions; (a) 0.5 mg/ml, (b) and (c) 0.1 mg/ml. More AFM images are presented in Appendix 10.  
4.2.5. Conclusions 
As it was shown above, the properties of the entire host-guest system, where PEI-Mal acts as 
a host and anionic molecules play a role of a guest, are strongly influenced by a number of 
factors. Among them are inherent properties of the components of the system 
(hydrophilic/hydrophobic balance, surface charge, and density of the shell) and the solution (pH 
value, presence of salts, and the G/H ratio). 
On example of ATP and RB it was shown that PEI-Mal-A binds GMs mostly on/into the 
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maltose shell. The presence of a few GMs in the PEI core might be suggested from the UV-Vis 
study with RB. However, this amount is relatively low, since the diffusion coefficient of ATP in 
the presence of the polymer was not considerably affected. On the other hand, the absence of any 
strong ionic interactions with GMs preserves the surface charge of PEI-Mal-A25, since absence 
of any aggregation behaviour was observed either in the mixtures with RB, nor in the mixtures 
with ATP at various pH values. 
PEI-Mal-B can be considered as the perfect macromolecule for the investigation of the host-
guest interactions in comparison with the other structures of PEI-Mal. Indeed, the lower density 
of the maltose shell compared to PEI-Mal-A provides penetration of GMs into the PEI core. This 
was explicitly proved by DOSY and 
1
H NMR investigations of ATP/PEI-Mal-B25 mixtures, 
UV-Vis experiments with RB/PEI-Mal-B25 mixtures, and SAXS experiments with both RB and 
ATP as GMs. However, the presence of the oppositely charged molecules in the close proximity 
to the amino groups of the core results in sufficient suppression of the macromolecule’s surface 
charge. Thus, in the various buffer systems tendency towards aggregation and sedimentation in 
dependence on the G/H ratio was observed for the complexes with RB and AR26. PEI-Mal-C25 
is characterised by a host-guest behaviour similar to that of PEI-Mal-B25. However, the low 
degree of PEI substitution by maltose results in much faster aggregation, even at low G/H ratios, 
than in case of PEI-Mal-B. 
The ability of guest/PEI-Mal mixtures to self-assemble depends to a considerable degree on 
the type of the applied guest. Thus, the solutions of PEI-Mal-B and -C with ATP only become 
turbid at a very high excess of the guest (this effect was mostly observed in an NMR tube, but 
not in a flask). Even at very low values of the zeta potential (< 10 mV), no aggregation was 
observed for a reasonable time period. At the same time the buffer solutions of RB and PEI-Mal-
B25, which are characterised by zeta potential of 20 mV at pH 7.4 and 40 mV at pH 5.4, tended 
to aggregate several days after mixing. TEM, cryo-TEM, and AFM measurements confirmed the 
presence of the spherical aggregates with the dimensions from 100 to 1000 nm in dependence on 
the G/H ratio. The AR26/PEI-Mal-B complexes proved to be able not only to form spherical 
aggregates, but also to assemble into long nanofibers and to form films on the surface of TEM 
grids. Since all the other conditions remained unchanged (concentration of PEI-Mal-B25, pH, 
and molarities of the buffers were the same; G/H ratios were similar) the main reason for the 
observed self-assembly processes are the differences in the hydrophilic/hydrophobic balance and 
the self-stacking constants of the applied guests (Table 18). 
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Table 18. Association constants of the applied GM 
Guest molecule
a 
Kass 
[l/mol] 
ATP
4- 1.3
164
 
HATP
3- 2.
164
 
RB 250
204
 
AR26 3200
106
 
a
 Association constants for ATP are given for the two species present at pH 7.4. 
 
On the base of this knowledge, a scheme of the host-guest interactions of PEI-Mal with 
anionic aromatic GMs is suggested (Scheme 2). 
 
Scheme 2. Proposed model of interactions of aromatic anionic GMs and PEI-Mal with (1) dense and (2) open shell; 
(a) adsorption on the shell; (b) encapsulation in the PEI core and the maltose shell; (c) self-stacking of GMs in the 
core and the shell; (d) saturation of the core and the shell; (e) aggregation of guest@PEI-Mal complexes in case of 
strong guests’ stacking; (f1) assembly of spherical aggregates or nanofibers; (g1) assembling of films; 
(f2) precipitation of the aggregated complexes in case of high G/H; (g2) reconstruction of agglomerates and release 
of a part of GMs.  
The driving force of the observed aggregation processes is the hydrophobic/hydrophilic 
balance of aromatic guests and consequently preferred interactions among GMs and not with 
water molecules. Compensation of negative charge of GMs by interactions with PEI-Mal allows 
the π-π stacking forces to overcome the electrostatic repulsions among GMs of the same as well 
as of different PEI-Mal macromolecules. The formation of „stacked guest bridges“ between the 
PEI-Mal macromolecules induces the self-assembly processes. 
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4.3. PEI-Mal-based composite hydrogels 
The idea of PEI-Mal-based composite hydrogels is presented in Scheme 3: dendritic 
glycopolymers, which can be loaded with a drug, are integrated as specific drug-
binding/releasing moieties into a hydrogel leading to a multicompartment release system 
(composite hydrogel). With this concept it is aimed to increase complexation capacity for drugs 
and provide a long-term release of drugs by introducing an additional diffusion barrier 
(hydrogel) between drug-polymer complexes and a surrounding solution. Furthermore, the use of 
a pH- and thermo-responsive hydrogel matrix should provide additional targeting capabilities for 
the drug delivery, while the released drug@dendritic glycopolymer complex itself then can act as 
a carrier system e.g. allowing cell uptake when inducing appropriate external stimuli for this 
purpose.  
The key step of the concept is the uptake and binding of PEI-Mal in a hydrogel. Usually 
dendritic macromolecule@hydrogel materials are prepared by (1) incorporation of dendritic 
macromolecules by physical entrapment during the hydrogel synthesis,
205
 (2) chemical 
crosslinking of dendritic macromolecules with other macromonomers to form the desired 
hydrogel network,
206-210
 (3) uptake of dendritic macromolecules by the hydrogel from the 
solution driven by ionic forces,
211, 212
 or (4) self-assembly of dendritic macromolecules resulting 
in the formation of gel-like materials.
213
 In order to realise the described multicompartment 
system and to allow simultaneously controlled or stepwise release, the following approaches 
towards the preparation of PEI-Mal@hydrogel system were established (Scheme 3): 
Approach I uptake and retention of PEI-Mal inside the hydrogel by the force of 
electrostatic interactions; 
Approach II incorporation of PEI-Mal into the hydrogel during the gelation process 
and its electrostatic binding within the hydrogel; 
Approach III incorporation of PEI-Mal during the hydrogel synthesis and its covalent 
binding within the hydrogel; 
Approach IV uptake of PEI-Mal inside the hydrogel by means of ionic interactions and 
its retention by means of covalent interactions. 
According to the first two approaches, PEI-Mal is retained inside the hydrogel matrix only by 
means of ionic interactions between positively charged amino groups of PEI-Mal and negatively 
charged groups of the anionic hydrogel. Application of electrostatic interactions as the main 
driving forces for the desired uptake and retention of cationic PEI-Mal into the anionic hydrogel 
should enable its long-term binding in a specific pH range and pH-dependent release behaviour. 
However, the introduction of covalent binding (Approach III and IV) should considerably 
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improve the stability of the PEI-Mal attachment within the hydrogel over a wide pH range to 
enhance the controlled release of drugs under physiological conditions. For this purpose PEI-Mal 
was modified with glycidyl methacrylate and introduced into a monomer mixture (Approach III). 
To overcome the disadvantages of the preceding approaches (too weak retaining forces in the 
first two approaches, too strong pH-independent interactions between hydrogel and PEI-Mal in 
the third approach) covalent attachment of PEI-Mal to hydrogel via boronate ester bonds stable 
only in a specific pH range was also realised. It is assumed that long-term stability of PEI-Mal in 
the hydrogel in moderate acidic and basic media would be fulfilled by the presence of boronic 
acid units
126, 214
 in the polymeric network. They would allow covalent binding via borate 
formation between the PEI-Mal’s maltose units containing vicinal diols and the  boronic acid 
containing hydrogel. Moreover, limited stability at low pH values also provides controlled 
release of the drug@PEI-Mal complex at specific pH values. 
In summary, the aforementioned approaches allow to study three different release strategies 
for drug@PEI-Mal@hydrogel system, namely: 
 fast release of both drug and PEI-Mal by application of non-covalent interactions 
between PEI-Mal and a hydrogel (approaches I and II); 
 exclusive release of drug molecules by means of covalent interactions between PEI-
Mal and a hydrogel stable over broad range of pH values (approaches III); 
 release of either both drug and PEI-Mal molecules or only drug molecules by 
providing covalent interactions between PEI-Mal and a hydrogel stable over a defined 
range of pH values (Approach IV). 
The following components were selected for studying the underlying principles of 
interactions as outlined in Scheme 3: adenosine triphosphate disodium salt (ATP) as a model 
drug molecule, PEI-Mal-B25 as a binding/delivery system and as a nanocontainer for the drug 
within the hydrogel, and an anionic N-isopropylacrylamide (NIPAAm) hydrogel with varying 
acid comonomer content as a matrix for drug@PEI-Mal storage. NIPAAm is well-known for its 
swelling and shrinking properties and has been successfully applied as a bulk material and in 
layer technology.
215
 Furthermore, hydrogels were synthesised in the presence of acrylic acid, 
which provides the desired anionic charge for the uptake of cationic PEI-Mal, and N,N’-
methylenebis(acrylamide) to achieve a stable crosslinked structure. The presence of hydrophilic 
co-monomers increased LCST of the received hydrogels, as known from the literature
216-218
 and 
as investigated by µ-differential scanning calorimetry (µ-DSC, Chapter 4.3.1.4.3). Since the 
achieved hydrogels were characterised by LCST out of body temperature range, the focus of the 
study was only directed to the pH-dependent release feature of ATP molecules and PEI-Mal 
Results and discussion  108 
 
macromolecules from hydrogel at room temperature. 
 
Scheme 3. Multicompartment drug@glycopolymer@hydrogel system tailored by non-covalently driven interactions 
between drug and dendritic glycopolymer PEI-Mal and non-covalently and covalently driven interactions between 
dendritic glycopolymer PEI-Mal and hydrogel. Step A – encapsulation of PEI-Mal-B25 into hydrogel; Step B –
 adsorption of drug molecules by PEI-Mal-B25@hydrogel composite; Step C – pH-dependent release of guest drug 
molecules, PEI-Mal-B25 and/or drug@PEI-Mal-B25 complex from hydrogel. 
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4.3.1. Synthesis and characterisation of applied hydrogels and PEI-Mal-B25 derivatives 
According to the described strategy (Scheme 3), four different types of hydrogels were 
synthesised based on the procedure described by Kuckling.
219
 For this purpose anionic hydrogels 
composed of the monomers N-isopropylacrylamide (NIPAAm), acrylic acid (AA) and N,N-me-
thylenebis(acrylamide) (BIS) were synthesised and loaded with PEI-Mal-B25 according to 
Approach I (Scheme 3) or during the polymerisation process (Approach II, Scheme 3). To obtain 
a hydrogel with pH-stable covalently bound PEI-Mal-B25, the hb polymer was initially modified 
with glycidyl methacrylate and further used in the polymerisation mixture of NIPAAm, BIS, and 
AA (Approach III, Scheme 3). To realise a hydrogel, which forms pH-sensitive covalent bonds 
with PEI-Mal, it was synthesised in the presence of pH-dependent complexing ligand 
acrylamidophenylboronic acid (AAPBA) and then loaded with PEI-Mal-B25 (Approach IV, 
Scheme 3). 
4.3.1.1. Synthesis and characterisation of dye-labelled PEI-Mal-B25 used in all 
approaches to establish multicompartment release system 
All uptake and release experiments were carried out using UV-Vis spectroscopy to detect 
concentration of PEI-Mal-B25 in a solution. PEI-Mal-B25 itself does not show any sufficient 
absorbance of ultraviolet or visible light. Therefore, its labeling with dye molecules was 
required. For this purpose, two common label agents were applied: fluorescein 5(6)-
isothiocyanate (FITC) and 4-(4-isothiocyanatophenylazo)-N,N-dimethylaniline (DABITC). The 
isothiocyanate group present in the dyes is reactive towards nucleophiles such as amines which 
enables the labeling of PEI-Mal-B25 (Figure 83). To avoid a possible influence of hydrophobic 
FITC and DABITC on the uptake, release, and complexation properties of PEI-Mal-B25 but to 
provide the sufficient UV-Vis absorbance, label agents and PEI-Mal-B25 macromolecules were 
taken in a molar ratio two. After the synthetic procedure (see Experimental part) a polymer 
solution was dialysed to remove unreacted components. Since no labeling components were 
detected by UV-Vis spectroscopy in the dialysate, one can assume that all added label agent 
reacted with PEI-Mal-B25 macromolecules. Also, 
1
H NMR measurements proved the presence 
of aromatic groups in the structure of the polymer. 
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Figure 83. Synthesis of dye-labelled PEI-Mal-B25 (PEI – hb poly(ethylene imine), Mal – maltose moieties, 
R = fluorescein or 4-dimethylaminoazobenzene).  
The FITC-derivative of PEI-Mal-B25 (fl-PEI-Mal-B25) is characterised by the sharp 
absorbance maximum at 499 nm and linear dependency of the absorbance on the concentration 
in the range from 0.1 to 1 mg/ml at neutral pH values. A disadvantage is the strong influence of 
the pH on the shape of the absorbance curve and degradation of absorbance at low pH values 
(Figure 34). 
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Figure 84. (a) UV-Vis spectra of fl-PEI-Mal-B25 in dependence of its concentration at pH 7.4; (b) Calibration curve 
of fl-PEI-Mal-B25 at pH 7.4; (c) UV-Vis spectra of 1 mg/ml fl-PEI-Mal-B25 at different pH values; (d) Stability of 
absorbance of fl-PEI-Mal-B25 at various pH values.  
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To increase the accuracy of UV-Vis detection at low pH values another derivative, DABITC-
modified PEI-Mal-B25 (d-PEI-Mal-B25) was synthesised. The DABITC derivative as opposed 
to the fl-PEI-Mal-B25 is characterised by a higher stability in acidic solutions but lower 
extinction coefficients (Figure 85). FITC-modified PEI-Mal-B25 was used in the initial uptake 
and µ-DSC experiments; DABITC-modified PEI-Mal-B25 was applied in the release 
experiments to achieve reproducible results at low pH values. 
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Figure 85. (a) UV-Vis spectra of 5 mg/ml d-PEI-Mal-B25 at different pH values; (b) Calibration curve of d-PEI-
Mal-B25 at pH 7.4; (c) Stability of absorbance of d-PEI-Mal-B25 at various pH values.  
4.3.1.2. Synthesis of glycidyl-modified fl-PEI-Mal-B25 used in the second approach 
The necessity to obtain stable PEI-Mal-B25-containing hydrogels at various pH values 
governed the synthesis of a PEI-Mal-B25 derivative useable as a monomer during the hydrogel 
formation. For this purpose, PEI-Mal-B25 labeled with FITC or DABITC was modified with 
glycidyl methacrylate via the reaction between an epoxy group of glycidyl methacrylate and 
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amino or hydroxy groups present in PEI-Mal-B25 (Figure 86). Three variations of glycidyl-
modified PEI-Mal-B25 (Glc-PEI-Mal-B25) were synthesised using the initial ratio between 
glycidyl methacrylate and PEI-Mal-B25 one, two, or ten, and named as Glc1-PEI-Mal-B25, Glc2-
PEI-Mal-B25, Glc10-PEI-Mal-B25, respectively. However, due to mild reaction conditions, the 
amount of glycidyl moieties attached to PEI-Mal-B25 macromolecules was very low and does 
not exceed two even for Glc10-PEI-Mal-B25 (as was calculated from 
1
H NMR measurements). 
These polymers were further used in the synthesis of hydrogels according to the third approach 
(Scheme 3). 
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Figure 86. Synthesis of glycidyl-modified PEI-Mal-B25 (PEI – hb poly(ethylene imine), Mal-OH – maltose 
moieties).  
4.3.1.3. Synthesis of poly(N-isopropylacrylamide)-based hydrogels 
Anionic hydrogels were synthesised based on a procedure described by Kuckling
219
 by 
means of free radical polymerization in the presence of APS and TEMED as the initiator and 
accelerator, respectively. Their chemical composition is presented in Table 19. Anionic 
hydrogels H1 and H2 (Approaches I and II, respectively, Scheme 3) are composed of monomers 
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NIPAAM, AA, and BIS (Figure 87). In comparison to H1 hydrogel H2 was synthesised in the 
presence of fl-PEI-Mal-B25. It was supposed that in the case of H2 fl-PEI-Mal-B25 would be 
entrapped by the forming a polymer network during the polymerisation process. Hydrogels H3-
H5 (Approach III, Scheme 3) were synthesised in the presence of fl-PEI-Mal-B25 derivatives 
with the different amounts of coupled glycidyl methacrylate moieties that were supposed to be 
covalently bound within a hydrogel. However, a presence of dissolved PEI-Mal in the monomer 
solution suppressed sufficient gelation resulting in very weak hydrogels H2-H5, whose density 
and mechanical stability were much lower than those of H1. The influence of PEI-Mal on the 
polymerisation process can be connected with the catalytic effect of the amine groups of PEI on 
the dissociation of the initiator APS, and consequently, formation of shorter polymeric chains. 
Because of the poor stability, only few experiments on hydrogels H2-H5 were done, which are 
mentioned in Chapter 4.3.2.3. Finally, hydrogels H6 and H7 (Approach IV, Scheme 3) 
additionally possess 3 and 5 mol% acrylamidophenylboronic acid (AAPBA) as a complexing 
ligand. 
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Figure 87. Chemical structures of monomers used in synthesis of hydrogels.  
Table 19. Composition of the synthesised hydrogels. 
Monomer Hydrogel 
Approach I II III IV 
 H1 H2 H3 H4 H5 H6 H7 
 [mol%] 
NIPAAM 93 93 93 93 93 90 88 
AA 4 4 4 4 4 4 4 
BIS 3 3 3 3 3 3 3 
AAPBA - - - - - 3 5 
PEI-Mal - 1.7 g of fl-
PEI-Mal-B25  
1.7 g of fl-PEI-
Mal-B25-Glc1  
1.7 g of fl-PEI-
Mal-B25-Glc2  
1.7 g of fl-PEI-
Mal-B25-Glc10  
- - 
  per g of monomer mixture   
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To accelerate the uptake experiments and carry out µDSC experiments hydrogels H1, H6 
and H7 were frozen in liquid nitrogen and crushed in an analytical mill. The obtained flocculent 
powder was named as microgels µH1, µH6, and µH7 in opposite to bulk hydrogels H1-H7 and 
was further used for the Approach I (µH1) and Approach IV (µH6 and µH7). 
4.3.1.4. Characterisation of hydrogels 
4.3.1.4.1. FTIR 
Microgel µH7 was investigated by FTIR and compared with µH1 to prove the presence of 
AAPBA in its composition. However the concentration of AAPBA appeared to be too low to 
detect the characteristic peaks of the arene moieties. Only the shift of absorption band from 1537 
cm
-1
 to 1533 cm
-1
 can be attributed to the presence of AAPBA (due to the presence of aromatic 
rings) as well as the absorption bands with low intensity at a range of 690 to 900 cm
-1
 (C-H 
bands of a phenyl ring). 
4.3.1.4.2. Degree of swelling of hydrogels H1-H7 and microgels µH1, µH6 and µH7 
The degree of hydrogel swelling (DSw) in aqueous solutions strongly depends on the 
composition of a hydrogel irrespective covalent or ionic nature of interactions between 
monomers (Table 20). In this context, H1 shows the highest DSw in the series of bulk hydrogels 
H1-H7, while reduction of DSw is observed when AAPBA units are incorporated in the 
backbone of anionic hydrogels H6 and H7. The influence of AAPBA on DSw is explained by its 
much higher hydrophobicity than that of the original hydrogel.
220
 
The same dependencies are characteristic for crushed hydrogels µH1, µH6, and µH7. The 
higher values generally observed in these cases are attributed to easier availability of internal 
polymer chains for water molecules. The hydrogels synthesised in the presence of PEI-Mal (H2-
H5) showed much lower values of DSw in comparison with H1. 
Table 20. Degree of swelling of pure hydrogels in aqueous solution. 
Hydrogel H1 H2 H3 H4 H5 H6 H7 µH1 µH6 µH7 
Degree of 
swelling 
67±4 8±1 12±2 14±3 11±2 47±3 39±3 89±5 58±4 49±4 
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As it has been shown,
221, 222
 the DSw of ionic hydrogels depends on the pH of the solution. 
The same dependency was observed for anionic hydrogel H1 as presented in Figure 88. With 
increasing pH H1 shows an increase in the DSw caused by the growing negative charge of its 
acid groups. In opposite to that, mixing of an aqueous solution with a defined amount NaCl or 
CaCl2 causes a dramatic reduction of the DSw for H1 (Table 21). 
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Figure 88. pH-dependent degree of swelling (DSw) of H1.  
Table 21. Degree of swelling of H1 as a function of pH and salt concentration. 
Solution Degree of swelling 
MQ water 67.3 
MQ water adjusted with HCl to pH 2 21.2 
MQ water adjusted with HCl to pH 4 29.2 
MQ water adjusted with NaOH to pH 11 95.1 
MQ water + 0.5 M CaCl2 7.8 
MQ water + 0.5 M NaCl 14.2 
4.3.1.4.3. Lower Critical Solution Temperature (LCST) of microgels µH1, µH6 and µH7 
NIPAAm hydrogels are characterised by the lower critical solution temperature  
(LCST, 32-34°C) that induces shrinkage of their polymeric network at temperatures above 
LCST. Many internal and external parameters (salt, surfactant, balance of 
hydrophilicity/hydrophobicity, polymeric additives, and absorbed guest molecules) are 
responsible for lowering
216-218, 220, 223, 224 
or increasing
216-218, 225
 LCST of NIPAAm hydrogels. It 
was shown that by copolymerisation of NIPAAm with more hydrophobic
220
 or hydrophilic 
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monomers
226
 or incorporation of a crosslinker
227, 228
 it is possible to shift its LCST in a wide 
range. An influence of non-covalently attached additives on LCST of NIPAAm hydrogels was 
presented in numerous articles. Generally, most of the used additives (salt, polymer additives 
etc.) lower LCST of NIPAAm hydrogels. Kumar et al.
223
 showed that LCST of NIPAAm 
hydrogels decreases with an increasing amount of sodium cholate inside it. Also Coughlan et 
al.
218
 demonstrated that the chemical nature of a loaded drug influences the swelling of a 
NIPAAm hydrogel. Similar effect on a hydrogel behaviour was revealed for carbohydrates, 
too.
229
 An influence of the surrounding saline on LCST was proven by Eeckman et al.,
224
 who 
demonstrated the salting out effect of various salts and electrolytes on LCST values of hydrogels. 
It was shown that both salts and surfactants (namely galacturonic salt) decrease LCST values of 
the investigated NIPAAm hydrogel, and the higher charged the salt is, the higher its effect on 
LCST.  
Previously it was demonstrated that the phase transition at LCST of NIPAAm hydrogels can 
be determined by an endothermic peak related to the breaking of hydrogen bonds of water and 
polymer chains by dynamic scanning calorimetry (DSC).
230
 Similar experiments were carried out 
to investigate the influence of AAPBA on the LCST behaviour of hydrogels on example of H1 
(hydrogels H1-H5 have similar composition), H6, and H7. Since the available amount of 
hydrogels was low, detection of heat flow signals of low intensity was required; and therefore, 
high sensitivity µDSC was employed.
230
 To simplify the experimental procedure only the 
hydrogels µH1, µH6 and µH7 were investigated, which were crushed in an analytical mill. 
Generally, repeated heating (top) and cooling (bottom) cycles yielded reproducible peak shapes 
and temperatures. The LCST values shown in Table 22 are equal to the transition midpoint 
temperature, Tmax, heat, considered as the temperature at which the local minimum occurs in the 
excess heat capacity during heating.
231
 Additionally, the temperature at the respective extremum 
from the DSC cooling curves was evaluated (Tmax, cool). A typical hysteresis between the 
calorimetric curves obtained during heating and during cooling steps was observed.
229
 It was less 
pronounced for the boronic acid-containing microgels µH6 and µH7 than for µH1. LCST data of 
anionic microgels µH1, µH6, and µH7 obtained from DSC measurements are presented in  
Table 22 and in Figure 89. It was found that in comparison to LCST of pure poly(NIPAAm) (32-
34°C) LCST of hydrogel H1 is increased. This can be explained by the incorporation of the 
hydrophilic monomer AA and an additional crosslinking with BIS and fits to previously 
published data.
227
 Furthermore, substitution of hydrophilic NIPAAm units by hydrophobic 
AAPBA units results in a gradual lowering of LCST within the series µH1, µH6, and µH7 from 
~49°C for µH1 to ~48°C for µH6 and ~46°C for µH7 (Table 22). However, the presence of only 
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a slight lowering of LCST indicates minor differences in the H-bonding behaviour towards water 
between hydrogel H1 and boronic acid containing hydrogels µH6 and µH7 and this can be 
attributed to the low content of the AAPBA monomer. 
Table 22. LCST of swollen hydrogels µH1, µH6 and µH7 in MQ water (obtained from the heating scan). 
 
LCST(=Tmax,heat) 
°C 
µH1 49.3 ±0.3 
µH6 47.9 ±0.6 
µH7 46.2 ±0.9 
 
Figure 89. DSC heating (left) and cooling (right) curves for swollen hydrogels µH1, µH6 and µH7.  
4.3.1.4.4. SEM and cryo-SEM of hydrogels H1 and H6, and microgel µH1 
SEM and cryo-SEM measurements were carried out to obtain information on the porosity of 
the synthesised hydrogels. Hydrogel H1 is characterised by pore sizes in the range of 2-8 µm 
(Figure 90a). Due to the decrease of hydrophilicity pore sizes of hydrogel H6 containing 3 % of 
AAPBA are in the range of 2-4 µm (Figure 90b). According to the results of cryo-SEM, 
mechanic crushing swollen and liquid N2-treated hydrogel H1 leads to a flocculent powder 
consisting of microparticles of 100-1000 µm and does not have any strong influence on the 
porosity of the gel. Therefore, the results of the various experiments for bulk and crushed 
hydrogels are comparable (Figure 90). 
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Figure 90. SEM micrographs of hydrogels H1 (a) and H6 (b) and cryo-SEM micrographs of mechanically crushed 
hydrogel µH1 (c, d).  
4.3.2. Investigation of PEI-Mal-B25-containing composite hydrogels 
4.3.2.1. Uptake of PEI-Mal-B25 into bulk hydrogels H1 and H6 and microgels µH1 and 
µH6  
Results of the pH-dependent uptake of fl-PEI-Mal-B25 in 1 g of shrunken hydrogel H1 
(Approach I, Scheme 3) are presented in Figure 91. With increase of the pH value from pH 5 to 
pH 9 the amount of fl-PEI-Mal-B25 incorporated into anionic hydrogel H1 grows gradually. 
However, at pH 11 only traces of fl-PEI-Mal-B25 can be determined in the hydrogel. The 
described results can be explained from the point of view of ionic interactions between the 
amphoteric fl-PEI-Mal-B25 and the anionic hydrogel. With increase of pH hydrogel H1 gains 
higher negative charge because of the dissociation of more and more acid groups of AA. At the 
same time, PEI-Mal-B25 undergoes a decrease of its surface charge because of the deprotonation 
of the amino groups. Therefore, with the increase of pH higher amounts of fl-PEI-Mal-B25 can 
be absorbed by hydrogel H1 to compensate its negative charge (Table 23). Additionally, at 
a) b) 
c) d) 
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pH 11 both PEI-Mal-B25 and hydrogel H1 are polyanions and electrostatic repulsions hinders 
the penetration of fl-PEI-Mal-B25 inside the hydrogel matrix. 
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Figure 91. Uptake of fl-PEI-Mal-B25 at different pH values by bulk hydrogel H1 (pH values were adjusted by 
addition of HCl or NaOH).  
Table 23. Masses of adsorbed PEI-Mal-B25 into 1 g of shrunken bulk hydrogel H1 after 120 h and zeta potential 
values of PEI-Mal-B25 at the same pH (pH values were adjusted by adding HCl or NaOH.). 
 Mass of absorbed fl-PEI-  Mal-B25 
[mg] 
Zeta potential of PEI-Mal-B25 
[mV] 
pH 5  364.7 ±45.8 47.78 
pH 7  915.0 ±47.1 42.83 
pH 9  1466.7 ±12.8 0.12 
pH 11  6.1 ±5.6 <-19.3 
 
The uptake of fl-PEI-Mal-B25 in anionic boronic acid containing hydrogel H6 at pH 7.5 and 
9.6 (Approach IV, Scheme 3) is presented in Figure 92. In comparison to the pH-dependent 
uptake into hydrogel H1 no influence of pH was observed in the case of hydrogel H6. Also the 
amount of uptaken fl-PEI-Mal-B25 into H6 is significantly lower than that observed for hydrogel 
H1. In general, uptake of PEI-Mal-B25 by the various bulk anionic hydrogels is slow and, 
especially, it takes extremely long time for H6 and H7 to reach the uptake saturation. It can be 
attributed to various parameters such as a decreased degree of swelling or an increased 
hydrophobicity.  
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Figure 92. Uptake of fl-PEI-Mal-B25 at different pH values by hydrogel H6 (pH 7.5 – MQ water, 9.6 – MQ water 
adjusted with NaOH) in respect to Approach IV (Scheme 3).  
For the development of an effective multicompartment system using Approaches I or IV 
(Scheme 3) it was desired to provide faster adsorption of PEI-Mal-B25 than realised for 
hydrogels H1 and H6. In order to achieve this, swollen and liquid N2-treated pieces of hydrogels 
H1 and H6 were mechanically crushed in the analytical mill to obtain flocculent powder 
consisting of 100-1000 µm particles (named as µH1 and µH6, Figure 90c,d). An increase of the 
surface area of the obtained hydrogel particles led to a sufficient acceleration of the adsorption 
process (Figure 93). It was shown that after 24 h from the beginning of the uptake procedure 
reproducible and complete uptake of fl-PEI-Mal-B25 into hydrogels µH1 and µH6 was 
identified (Table 24). Fast and reproducible incorporation of PEI-Mal-B25 into hydrogels µH1 
and µH6 allows successful establishment of Approaches I and IV (Scheme 3, Step A), 
respectively. Thus, in the following, all studies were carried out using mechanically crushed -
hydrogels µH1 and µH6 if not mentioned otherwise. 
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Figure 93. Comparison of uptake efficiency of fl-PEI-Mal-B25 by bulk hydrogel H1 and mechanically crushed 
hydrogel µH1 in respect to Approach IV (Scheme 3).  
Table 24. Masses of adsorbed d-PEI-Mal-B25 into 1 g of shrunken hydrogels µH1 and µH6 after 24 h. (indicating 
average of 3 experiments) 
 Mass of absorbed d-PEI-Mal-B25 
[mg] 
Mass of absorbed d-PEI-Mal-B25 
[%] 
µH1 725 ±3.3 99.9 ±0.5 
µH6 724 ±4.1 99.8 ±0.6 
4.3.2.2. Influence of PEI-Mal on DSw and LCST of microgels µH1 and µH6 
As it was described above (paragraph 4.3.1.4.3, page 115), compounds uptaken by hydrogel 
can sufficiently influence LCST and DSw. It can be attributed to an alteration of the 
hydrophilicity and the degree of crosslinking of the hydrogel. Thus, incorporation of positively 
charged fl-PEI-Mal-B25 into anionic hydrogels µH1 and µH6 results in the decrease of both 
DSw and LCST (Table 25). Shrinkage of fl-PEI-Mal-B25-loaded hydrogels µH1 and µH6 is 
explained by an ionic crosslinking effect of fl-PEI-Mal-B25 – ionic interactions between PEI-
Mal-B25 and hydrogel chains – that prevailed over interactions with water molecules. 
Furthermore, an increasing amount of absorbed PEI-Mal-B25 in anionic hydrogel µH1 reduces 
DSw in comparison to those of pure hydrogel µH1 in aqueous solution (Table 25). 
LCST data of anionic hydrogels µH1 and µH6 with absorbed fl-PEI-Mal-B25 obtained from 
DSC measurements are presented in Table 25 and Figure 94. With increasing amounts of PEI-
Mal-B25 in the series from PEI-Mal-B25@µH1 (1) via PEI-Mal-B25@µH1 (2) to PEI-Mal-
B25@µH1 (3) for anionic hydrogel µH1 a gradual lowering of LCST of the µH1 complexes 
determined in the heating scan can be stated (Table 25). It should be noted that there is nearly no 
effect on LCST behaviour of µH6, when PEI-Mal-B25 is chemically attached to the boronic acid 
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unit AAPBA in hydrogel µH6.  The influence of PEI-Mal on LCST can be explained by two 
hypotheses, based on the studies of Eeckman et al. 
232
 and Zeng et al. 
226
 According to the first 
one, being incorporated inside the hydrogel PEI-Mal macromolecules form hydrogen bonds with 
hydrophilic moieties of the hydrogel including amide groups of NIPAAm. Therefore, fewer 
water molecules can react with the hydrophilic groups of NIPAAm, and less energy is required 
to shift the hydrophobic-hydrophilic balance of the hydrogel. The second one states that PEI-Mal 
has a sort of a salting out effect on the properties of the hydrogel. Thus, by the presence of the 
strong positive charge and multiple hydroxyl groups on its surface, PEI-Mal can decrease the 
thickness of a NIPAAm hydration shell, which facilitates its removal by increasing temperature. 
Table 25. Degree of swelling and LCST of the pure hydrogels (µH1 and µH6), PEI-Mal-B25@µH1 complexes of 
various composition (PEI-Mal-B25 concentration (1): 7.5, (2): 13.8, (3): 24.2 wt%, g/g shrunken hydrogel) and PEI-
Mal-B25@µH6 complex (PEI-Mal-B25 concentration: 42 wt%, g/g shrunken hydrogel) in aqueous solution. 
 
Degree of swelling 
 
LCST(=Tmax,heat) 
[°C] 
µH1 89 49.3 ±0.3 
PEI-Mal-B25@µH1 (1) 47 45.6 ±0.2 
PEI-Mal-B25@µH1 (2) 35 44.5 ±0.3 
PEI-Mal-B25@µH1 (3) 24 42.9 ±0.3 
µH6 58 47.9 ±0.6 
PEI-Mal-B25@µH6 51 46.0 ±1.3 
 
In summary, the differences in LCST of the various anionic hydrogels and PEI-Mal-B25-
loaded composite hydrogels are weak and there is no evident correlation between DSw and 
LCST. 
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Figure 94. DSC heating (bottom) and cooling (top) curves for the PEI-Mal-B25@µH1 complexes of various 
composition (PEI-Mal-B25 concentration (1): 7.5, (2): 13.8, (3): 24.2 wt%, g/g shrunken hydrogel) in comparison to 
the pure µH1 hydrogel (left) and for the PEI-Mal-B25@µH6 complex (PEI-Mal-B25 concentration: 42 wt%, g/g 
shrunken hydrogel) in comparison to the pure µH6 hydrogel (right).  
4.3.2.3. Stability of PEI-Mal-B25@hydrogel hybrids obtained by approaches I-IV 
For further applications of the PEI-Mal-B25@hydrogel system as a drug container or a drug 
carrier in Approaches I-IV (Scheme 3), firstly, the stability of various obtained PEI-
Mal@hydrogels was compared and, secondly, the influence of pH and salt concentration on their 
release properties was investigated. 
The stability of PEI-Mal-B25@hydrogel complexes strongly depends on the way they are 
prepared and the kind of interactions (chemical or physical binding) between PEI-Mal and a 
hydrogel matrix (Figure 95). Thus, the highest stability in pure MQ water was shown by the 
covalently bound complexes of Glc10-PEI-Mal-B25@H5 (Glc10-PEI-Mal-B25 was introduced as 
a monomer with a double bond during the formation of H5) and PEI-Mal-B25@H6 (PEI-Mal-
B25 is attached via boronic ester groups in H6). The lowest stability was observed by PEI-Mal-
B25@H2 where PEI-Mal-B25 was introduced to the hydrogel during the gelation process. High 
A CB
µH6 
B25@µH6 
µH6 
B25@µH6 
B25@µH1 (1) 
B25@µH1 (2) 
B25@µH1 (3) 
µH1 
B25@µH1 (1) 
B25@µH1 (2) 
B25@µH1 (3) 
µH1 
Results and discussion  124 
 
instability of the H2-type hydrogels caused their nonapplicability. Therefore, they were not 
investigated further. PEI-Mal@H1 obtained by electrostatically driven incorporation/adsorption 
of PEI-Mal-B25 in/on pre-synthesised hydrogel matrix of H1 was much more stable. In spite of 
solely ionic interactions between PEI-Mal-B25 and hydrogel H1 more than 60 % of PEI-Mal-
B25 remains unreleased from the hydrogel after one week in MQ water.  
0 48 96 144
0
20
40
60
80
100
C
u
m
u
la
ti
v
e
 r
e
le
a
s
e
 o
f 
P
E
I-
M
a
l-
B
2
5
 [
%
]
Time [h]
 H1
 H2
 H3
 H6
 
Figure 95. Stability of various PEI-Mal-loaded hydrogels in MQ water in respect to Approaches I – IV  
(Scheme 3).  
The release properties of bulk hydrogel H1 and its crushed derivative µH1 were even more 
intensively investigated at different pH values (Figure 96). In both cases release of d-PEI-Mal-
B25 from hydrogel complexes can be generally characterised by two phases: a fast and a slow 
one. During the fast phase the vast majority of d-PEI-Mal-B25 that is adsorbed near or on the 
surface of the hydrogel particles is released. Since the surface area of microgel µH1 exceeds 
significantly that of hydrogel H1, the burst release of microgel µH1 needs less than 1 h in 
comparison with 24 h for that of hydrogel H1. It can be seen that after the initial burst release 
there is no big difference in the amounts of released d-PEI-Mal-B25 from both hydrogel H1 and 
microgel µH1. A part of d-PEI-Mal-B25, which is adsorbed in the matrix of the hydrogel, is 
released very slowly or not at all. Furthermore, clear pH-dependent release is observed both for 
hydrogel H1 and microgel µH1 (Figure 96). With increase of the pH of the buffer solution 
release rates grow. At pH 11.0 most of d-PEI-Mal-B25 is released after 6 d because of 
electrostatic repulsions between both negatively charged PEI-Mal-B25 and hydrogel chains. At 
pH 7.4 about 70 % of d-PEI-Mal-B25 is released both from hydrogel H1 and microgel µH1, and 
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at pH 5.4 the amount of released polymer falls to 60 %. At pH 2.0 half the amount of d-PEI-Mal-
B25 is released from hydrogel H1 and microgel µH1 as at pH 7.4. The observed dependency of 
the release on the pH value can be explained by an increase of the surface charge of PEI-Mal-
B25 with acidification of the medium which leads to strengthening of electrostatic interactions 
and physical cross-linking between PEI-Mal-B25 and the hydrogel network. It is necessary to 
note that size and shape of hydrogel or microgel particles may play a crucial role in the duration 
of the burst release. Therefore, particles of similar dimensions were used in all experiments with 
hydrogels. Thus, for the defined multicompartment release system reproducible bulk 
characteristics of anionic hydrogel should be attained to gain the ability to reliably manipulate 
cumulative release of ATP or PEI-Mal-B25 from the ATP@PEI-Mal-B25@hydrogel system. 
For the improvement of the reproducibility of the release experiments short centrifugation of 
water solutions of microgels in order to obtain bulk materials is recommended. Thus, in the case 
of the Estradiol@PEI-Mal@hydrogel system application of this procedure improved both 
reproducibility of the results and release duration.
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Figure 96. Release of d-PEI-Mal-B25 by hydrogels H1 (a) and µH1 (b) in different media (pH 2.0 – 10 mM PBS, 
pH 5.4 – 10 mM AcBS, pH 7.4 – 10 mM PBS, pH 11.0 – 10 mM PBS).  
Three variations of the glycidyl-PEI-Mal-B25 containing hydrogel (Approach III) were 
synthesised distinguished by the number of attached glycidyl moieties per PEI-Mal-B25 
molecule. With increasing amount of glycidyl units in PEI-Mal-B25 better chemical fixation of 
the dendritic glycopolymer in hydrogel matrix should be established. Results of the release 
experiments of d-Glc-PEI-Mal-B25 from hydrogels H3-H5, carried out in water and PBS, are 
presented in Figure 97. Very clear differentiation in the release behaviour of d-Glc-PEI-Mal-B25 
                                                 
Footnote2
 Peggy Schulenburg, Bachelor thesis, TU Dresden 2012. 
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from the hydrogels in PBS was observed. Thus, with an increasing number of glycidyl groups 
per PEI-Mal-B25 stability of d-Glc-PEI-Mal-B25 in hydrogels grows, which results in virtually 
equally low release both in water and buffer solutions. Here, one can conclude that for strong 
covalent binding of PEI-Mal to the hydrogel, derivatives with high excess of glycidyl 
methacrylate have to be obtained. However, hydrogels H3-H5 were not further used because of 
instability over a longer time period and, therefore, Approach III was not further investigated.  
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Figure 97. Stability of hydrogels with incorporated glycidyl-derivative of PEI-Mal: (a) H3, (b) H4, (c) H5 in respect 
to Approach III (Scheme 3).  
Hydrogels H6 and H7 as well as microgels µH6 and µH7 contain AAPBA as one of the 
components of the polymer composition. For the last twenty years a number of articles were 
devoted to the ability of areneboronic acid moieties to form covalent bonds with vicinal diol-
containing molecules which was widely used in the development of various sugar-sensitive
220, 
233-235
 or protein delivery
236, 237
 devices (Figure 19). Traditionally coupling of diol-containing 
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molecules to areneboronic acid-containing polymers is carried out in basic saline, where the 
equilibrium of areneboronic acid is shifted to the formation of tetragonal anions.
236
 Indeed, being 
formed from the charged state under basic or neutral pH the resulting borate complexes are 
stable under physiological conditions, whereas formation of the diol-boronic acid complex from 
the uncharged state does not usually lead to success due to high susceptibility to hydrolysis.
238, 
239
 However, some indications for carrying out this procedure at pH 7.4 have been recently 
published.
220
 In the case of PEI-Mal-B25 its internal basicity can induce a local pH shift in the 
surrounding microenvironment to higher than pH 7.4 that will assist the formation of covalent 
bond between boronic groups of hydrogel and diol groups of PEI-Mal-B25. 
Successful binding of PEI-Mal-B25 to areneboronic-contained microgel µH6 was proven by 
release experiments (Figure 98). Here, in comparison to the d-PEI-Mal-B25@hydrogel µH1 
complexes (Approach I; Figure 96) nearly no release of d-PEI-Mal-B25 from µH6 at pH 5.4 and 
7.4 was observed that can be explained by the formation of covalent bonds between maltose and 
phenylboronic acid moieties. However at pH 2.0 a significant amount of d-PEI-Mal-B25 
(~60 %) from µH6 was released that is connected with dissociation of the formed ester bonds 
between arylboronic units and hydroxyl groups of maltose residues. Therefore, encapsulation of 
PEI-Mal-B25 by areneboronic-containing hydrogels H6 and H7 as well as microgels µH6 and 
µH7 for Approach IV (Scheme 3) was carried out only in MQ water to avoid undesirable 
influence of buffer salts adsorbed by the hydrogel if otherwise is not stated. 
0 10 20 30 40 50
0
20
40
60
80
100
C
u
m
u
la
ti
v
e
 r
e
le
a
s
e
 o
f 
P
E
I-
M
a
l-
B
2
5
 [
%
]
Time [h]
PBS pH 2.0
PIPES pH 7.4
AcBS pH 5.4
 
Figure 98. Release of PEI-Mal-B25 at different pH values from hydrogel µH6 in respect to Approach IV  
(Scheme 3).  
From this study one can conclude that anionic AAPBA-contained hydrogel µH6 used in 
Approach IV (Scheme 3), fulfils best the requirements for a sequential multi-release system 
since retention and release of d-PEI-Mal-B25 can be fully controlled by pH. 
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4.3.3. Investigation of ATP@PEI-Mal-B25@hydrogel multicompartment release systems  
4.3.3.1. Uptake of ATP into PEI-Mal-B25@hydrogel hybrids (Step B) 
For establishing the multicompartment release system with ATP molecules as a model drug 
(Approaches I and IV, Scheme 3) two ways were applied. According to the first one, a mixture 
of ATP and PEI-Mal-B25 in MQ water (assuming formation of ATP@PEI-Mal-B25 complexes 
in the solution) was absorbed by a dry anionic hydrogel. The second one stated initial formation 
of PEI-Mal-B25@hydrogel hybrids followed by the uptake of ATP from its water solutions. In 
the first experiments using anionic hydrogel H1, the potential use of both approaches was 
evaluated (Figure 99). Thereto, to test the first preparation way, hydrogel H1 was immersed into 
a mixture of ATP and PEI-Mal-B25 in the G/H ratio 128. As it was shown above (Chapter 
4.2.2.2), under these circumstances roughly a ATP46@PEI-Mal-B25 complex should be formed. 
Further measurements showed that nearly zero uptake both of ATP and PEI-Mal-B25 over a 
week occured. Therefore, the second preparation way was tested, when a PEI-Mal-B25@H1 
hybrid was introduced into an ATP aqueous solution with a molar ratio ATP/PEI-Mal-B25 being 
equal to 128. As a result, ATP was absorbed in the hydrogel in the molar ratio ATP/PEI-Mal-
B25 = 30 after a week, which is half as lower than that observed for their mixture in the absence 
of a hydrogel (Chapter 4.2.2.2). The decrease of the complexation capacity of PEI-Mal-B25 
macromolecules incorporated into a hydrogel can be attributed to the contribution of electrostatic 
interactions between PEI-Mal-B25 macromolecules and the hydrogel matrix. 
The poor uptake results in the first case are explained by the results of zeta potential 
measurements that indicated that the complex ATP46@PEI-Mal-B25 is negatively charged at 
pH > 5. Therefore, only positively charged ATPx@PEI-Mal-B25 complexes with a low amount 
(x = 1 – 14) of ATP molecules can be uptaken by anionic hydrogels (Figure 41) that limits the 
applicability of the mentioned method. In opposition to that the second more time-consuming 
approach allows the formation of ATP@PEI-Mal-B25@hydrogel hybrids with a higher content 
of ATP. Time control of the uptake process allows obtaining such hybrids which contain 
different amounts of ATP molecules as a model drug (Figure 99). 
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Figure 99. Comparison of uptake capacity of ATP by PEI-Mal-B25@hydrogel H1 complex and ATP@PEI-Mal-
B25 by hydrogel H1 in aqueous solution. 
4.3.3.2. Release properties of ATP@PEI-Mal-B25@hydrogel multicompartment release 
systems (Step C) 
For the investigation of the release properties composite hydrogel based on µH1 
(Approach I) and µH6 (Approach IV) were prepared by successive encapsulation of d-PEI-Mal-
B25 and ATP from aqueous solutions into a hydrogel matrix. To prove the influence of ionic and 
hydrogen/hydrophobic bonds on the kinetics of ATP release, multicompartment hybrids with 
different ratios ATP/d-PEI-Mal-B25 (5, 15 and 30) were prepared. The use of the different 
complexation ratios is stimulated by the chance to generate different surface charges (Figure 41) 
that can lead to dissimilar release kinetics and is inspired by the abovementioned release 
experiments with ATP@d-PEI-Mal-B25 complexes at different pH values (Figure 43). 
Therefore, centrifuged and lyophilised ATP@d-PEI-Mal-B25@µH1/µH6 hybrids with the 
different ATP/d-PEI-Mal-B25 ratios were dissolved in buffer solutions at pH 2.0, 5.4, and 7.4 to 
determine the pH- and ratio-dependent release of ATP from the multicompartment release 
systems (Figure 100).  
For the multicompartment release system based on anionic hydrogel µH1 (Figure 100a-c) 
simultaneous release of ATP and d-PEI-Mal-B25 with a very poor differentiation of release 
kinetics in comparison with the results for d-PEI-Mal-B25@µH1 (Figure 96) at different pH 
values was given. The ratio of ATP/d-PEI-Mal-B25 also did not influence the release properties 
of the various multicompartment release systems. Such behaviour can be explained by 
considerable suppression of positive charge of PEI-Mal-B25 and general weakening of 
electrostatic interactions among PEI-Mal-B25 macromolecules and the hydrogel matrix. 
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Therefore, it can be concluded that ATP@PEI-Mal-B25@µH1 system based on a solely 
electrostatic driven fixation of nanocontainer PEI-Mal-B25 in a hydrogel is inapplicable for the 
achievement of control over drug release kinetics. 
In opposite to that, the boronic acid containing ATP@d-PEI-Mal-B25@µH6 
multicompartment release system based on Approach IV shows the desired pH- and ratio-
selective release of ATP molecules at pH 2.0, 5.4 and 7.4 (Figure 100d-f). Here, at pH 2.0 from 
90 % to 100 % and at higher pH values from 40 % to 60 % of the absorbed ATP was released 
after 48 h. High release values obtained at pH 2.0 are caused by the dissociation of d-PEI-Mal-
B25 from boronic acid units and simultaneous release of ATP and ATP@d-PEI-Mal-B25 
complexes from the hydrogel matrix. At pH 5.4 and 7.4, covalent bonds between boronic acid 
units and d-PEI-Mal-B25 remain stable, therefore almost no release of d-PEI-Mal-B25 and 
sufficiently suppressed release of ATP were observed. Also at all pH values one can observe 
ratio-dependent kinetics of ATP release: the higher the ATP/d-PEI-Mal-B25 ratio, the faster 
ATP is released. Therefore, the boronic acid containing ATP@PEI-Mal-B25@µH6 
multicompartment system offers the potential for sequential release of drug and drug carrier 
molecules tailored by the change of pH. 
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Figure 100. Release of ATP and d-PEI-Mal-B25 from ATPx@d-PEI-Mal-B25@µH1 (x = 5:1, 15:1 and 30:1) 
hydrogel multicompartment release system at pH 2.0 (a), 5.4 (b) and 7.4 (c), and from ATPx@d-PEI-Mal-
B25@µH6 (x = 5:1, 15:1, and 30:1) hydrogel multicompartment release system at pH 2.0 (d), 5.4 (e), and 7.4 (f).  
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4.3.4. Conclusions for establishing multicompartment release system 
This chapter presents the successful development of a hydrogel multicompartment system 
and potential multirelease system at which pH-dependent sequential release of drug and dendritic 
carrier molecule from the hydrogel can be achieved (Scheme 3). Alternatively, a simultaneous 
release of drug molecules and nanocarriers from the hydrogel is also possible adjusting pH and 
hydrogel structure. The multicompartment system consists of PEI-Mal macromolecules that host 
anionic ATP molecules governed by non-covalent interaction. PEI-Mal macromolecules are 
themselves incorporated into a hydrogel and bound there either covalently or ionically. 
In detail, four different types of PEI-Mal@hydrogel complexes were synthesised discerned 
by the nature of interactions between PEI-Mal-B25 and hydrogel matrix: ionic interactions 
(Approaches I and II, Scheme 3) or covalent interactions (alkene polymerisation – Approach III, 
Scheme 3 and sugar/borate ester formation – Approach IV, Scheme 3). PEI-Mal-B25@hydrogel 
hybrids based on Approaches I and II do not satisfy the requirements of a pH-controlled drug 
delivery system. In this case, ATP and its dendritic host are held only by ionic interactions and 
are released rapidly from the hydrogel over a broad pH range without noticeable dependency of 
the release values both on pH or the ratio between ATP and PEI-Mal-B25. PEI-Mal-
B25@hydrogel hybrids based on Approach III do not display satisfactory mechanical stability. 
However, the appropriate optimisation of the synthetic procedure may lead to a composite 
hydrogel, which is stable over a broad range of pH values. Thus, at the beginning, glycidyl 
methacrylate should be introduced into a monomer mixture. Later, PEI-Mal-B25 might be 
absorbed into the hydrogel and covalently bound by glycidyl moieties present in the hydrogel. 
The best results were achieved for anionic hydrogel with boronic acid binding sites that have 
the function of hosting cationic PEI-Mal-B25 macromolecules by mainly covalent interaction 
between the boronic acid units and the maltose units in the shell of the dendritic carrier 
(Approach IV). Formation of strong boronic acid-maltose complexes between PEI-Mal-B25 and 
the hydrogel matrix allows a pH- and ratio-dependent release behaviour. Thus, at pH 2.0 
hydrolysis of the borate bonds leads to almost complete simultaneous release of the PEI-Mal-
B25 carrier loaded with ATP, while at pH 5.4 and 7.4 PEI-Mal-B25 is retained inside the matrix 
leading to lowered ratio-dependent release of ATP.  
However, comparison of the release profiles of the ATP15@PEI-Mal-B25 complex and the 
same complex being absorbed into a hydrogel matrix at pH 5.4 and 7.4 leads to the conclusion  
that the introduction of an additional diffusion barrier does not strongly affect the release kinetics 
of ATP. A possible explanation may lie in the presence of repulsive forces between anionic ATP 
molecules and the anionic hydrogel matrix. Therefore, for future studies it is recommended to 
133 Results and discussion 
use either non-ionic or cationic hydrogels. 
This highly interesting behaviour of hybrids based on the Approach IV allows pH-controlled 
release of small biocompatible drug loaded nanocarriers into the blood stream which may be 
taken up by cells. Some further points concerned to the bioapplication of the presented materials 
have been investigated in the bachelor thesis of Peggy Schulenburg where maltose and 
maltotriose-modified hb PEI were used as a nanocontainer deposited in hydrogel to deliver 
Estradiol molecules into cell cultures.  
In summary, with the optimised drug@PEI-Mal@hydrogel hybrid system the concept of a 
multicompartment release system can be well demonstrated and it offers the possibility for the 
development of the next generation of drug delivery systems. 
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5. Conclusions and outlook 
This study has been devoted to the characterisation of host-guest interactions of hb core-shell 
polymers with various anionic guest molecules. Core-shell polymers PEI with different degrees 
of substitution (DS) with maltose (PEI-Mal) were applied.  
In the first part of the work (Chapter 3) the synthesis and the characterisation of PEI-Mal 
macromolecules are described. PEI-Mal is prepared according to the approach described by 
Appelhans et al.
12
 Structures with different DS (~20%, ~40%, and ~90%) and, therefore, 
different density of maltose shell were obtained (Figure 101) by reductive amination. Thus, 
structure A (PEI-Mal-A5 and -A25) is characterised by a dense maltose shell, while structures B 
and C (PEI-Mal-B5 and -B25, PEI-Mal-C5 and -C25) have a loose one. With the increase of DS 
both the isoelectric point and the surface charge of the PEI-Mal macromolecules decrease. For 
instance, at pH 7.4 PEI-Mal-A25 is almost neutral, whereas PEI-Mal-B25 and PEI-Mal-C25 bear 
a positive surface charge. PEI-Mal (as was exemplified by PEI-Mal-B25) exists over a broad pH 
range in the form of single molecules for a long period of time (at least 1 week).  
 
Figure 101. Scheme of the synthesis of PEI-Mal with structures A - C.  
The second part of the work (Chapter 4) deals with the investigation of host-guest 
interactions between PEI-Mal and anionic aromatic guest molecules (GM). It was supposed that 
the shell density of PEI-Mal as well as intrinsic properties of the GMs and the environment 
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should influence the behaviour of the host-guest complexes. Therefore, three different model 
GMs were chosen: adenosine triphosphate (ATP), rose bengal (RB), and acid red 26 (AR26). All 
of them are anionic water-soluble substances with aromatic moieties in the structure, yet with 
different geometry and association constants. It was found that interactions between PEI-Mal and 
GMs can lead to soluble or precipitated aggregates under aqueous and different physiological 
conditions. The aggregation behaviour is strongly dependent on a number of factors (type of 
PEI-Mal structure, type of GM, G/H ratio, pH, and salt content). Thus, whereas ATP exists in the 
complexes with PEI-Mal mostly in the form of single molecules (Figure 102, a), RB and AR26 
form with PEI-Mal spherical or linear aggregates, respectively (Figure 102, b, c). 
 
 
Figure 102. Scheme of GM@PEI-Mal complexes existing in different states such as isolated (a), aggregated but 
soluble (b), and precipitated (c).  
Using the differing aggregation properties of GM@PEI-Mal complexes, various states of the 
complexes were investigated, the isolated ones by example of ATP@PEI-Mal and the 
aggregated ones by example of RB and AR26 complexes with PEI-Mal as soluble complexes. 
 
 ATP 
Influence of the PEI-Mal structure. The amount of ATP absorbed in the complexes with 
PEI-Mal depends on the size of the PEI core. Thus, as it was shown in Chapter 4.2.2.2, PEI-Mal 
structures with the PEI-5kDa core absorb up to ~20 ATP molecules, whereas those with the PEI-
25kDa core complex up to ~40-50 ATP molecules. The dependence of the amount of complexed 
ATP molecules on the shell density is rather weak, though. However, the strength of interactions 
between ATP and PEI-Mal depends on the density of the shell. Thus, according to DOSY 
measurements, interactions between ATP and PEI-Mal with the open shell are much stronger 
than those between ATP and the ones with the dense shell. 
1
H NMR titration of PEI-Mal 
solutions with ATP confirms this. In the presence of PEI-Mal-A25 the chemical shifts of ATP 
protons remain constant confirming the absence of any strong interactions between the hb core 
and ATP. One can suppose that due to a high density of the maltose shell of PEI-Mal-A25, ATP 
(a) isolated (b) aggregated (c) precipitated
Conclusions and outlook  136 
 
molecules cannot penetrate through the shell, yet interact with it by means of weak H-bonding 
and electrostatic interactions (Figure 103a). Such weakly bound ATP molecules are further 
named surface-bound ATP.  In turn, PEI-Mal-B25 and -C25 have a much stronger influence on 
the properties of the ATP spectrum, the investigated signals are splitted and their chemical shift 
depends on G/H. Therefore, interactions between ATP and PEI-Mal with the open shell are 
much more complicated to understand than those with the dense one. It can be supposed that 
ATP is present in two different environments (PEI core and maltose shell (Figure 103b), further 
named as core-bound and shell-bound ATP, respectively). Encapsulation of ATP molecules into 
the scaffold of PEI-Mal with the open shell is confirmed by the results of the SAXS experiments.  
 
Figure 103. Scheme of the aggregation behaviour of GM@PEI-Mal complexes using ATP as GM:  
(a) PEI-Mal-A25, (b) PEI-Mal-B25/-C25. 
Influence of the G/H ratio. With increase of the G/H ratio, more and more ATP molecules 
are complexed by the PEI-Mal scaffold. This results in stronger shielding of the polymer’s 
surface charge demonstrated by the decrease both of the zeta potential and the isoelectric point. 
Due to the increased content of electron rich guest molecules in the macromolecular scaffold, the 
PEI-Mal-B25 size decreases with increasing G/H as it was demonstrated by SAXS 
investigations. However, even the neutralised and reversed charge complexes are remarkably 
stable towards aggregation and precipitation phenomena as it was shown by DLS and TEM 
measurements. Since with the increase of G/H, the amount of weakly-bound or unbound GMs 
increases and the amount of tightly bound GMs remains steady, the diffusion coefficient of ATP 
in the presence of PEI-Mal-B25 in the DOSY experiments is strongly dependent on G/H. At low 
G/H it is almost equal to that of PEI-Mal-B25 macromolecules, and at high G/H it is close to that 
of non-bound ATP molecules. The increase of weakly-bound GMs in the complexes with PEI-
precipitation
a)
b)
surface-bound ATP
core-bound ATP
shell-bound ATP
surface-bound ATP
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Mal-B25 results in the significant decrease of the complex stability. Thus, pre-purified 
ATP@PEI-Mal-B25 complexes (G/H = 15 and 46) release 40% and 80% of the bound ATP 
molecules at the same conditions, respectively. Moreover, after a week both the complexes 
contain almost similar amounts of bound GMs (9-15 and 10-20, respectively), which can be 
attributed to the amount of the tightly-bound GMs. 
Influence of the environment (pH, salts). ATP@PEI-Mal-B25 does not show an 
aggregation tendency neither in MQ water nor in buffer solutions because of the low association 
constant of ATP molecules. However, the amount of released GMs strongly depends on both the 
pH of the solution and the salt content. Thus, the influence of the pH value might be explained 
by considering non-covalent interactions (electrostatic and H-bonds interactions) between ATP 
and PEI-Mal-B25 and catalytical hydrolysis of ATP at low pH values. The influence of the salt 
content is attributed to the destruction of weak interactions between ATP molecules weakly 
bound to the surface of PEI-Mal-B25 macromolecules (named above as surface-bound ATP; 
Figure 103). 
 
 RB 
Influence of the PEI-Mal structure. The size of PEI-Mal is crucial for the complexation 
capacities of the investigated polymers. Thus, structures with the PEI-5kDa core and with the 
larger PEI-25kDa core are able to complex up to 30 and 60 RB molecules, respectively. Since 
RB is a xanthene dye, changes in its UV-Vis spectrum in the presence of host molecules can be 
attributed to specific interactions. Thus, in the presence of PEI-Mal RB undergoes both a 
bathochromic shift and a decrease of an absorbance ratio of the two absorption maxima. Both 
might be attributed to the π-π stacking of surface bound RB or its complexation in the scaffold of 
PEI-Mal. However, the lower the degree of maltose functionalisation of the PEI scaffold, the 
stronger PEI-Mal influences absorption properties of RB. It means that PEI-Mal with the open 
shell absorbs into its scaffold and facilitates dimer formation of higher amount of RB than that 
with the dense shell. Influence of the type of the PEI-Mal shell on the shift of the RB spectrum 
can be related to the increasing charge density of PEI-Mal macromolecules resulting in the 
strengthening of electrostatic interactions with RB and higher accessibility of the PEI core of the 
PEI-Mal macromolecules with the loose shell for GMs. Strengthening interactions of RB with 
PEI-Mal with the decrease of the shell density sufficiently influence the solution stability of the 
complexes. Thus, under the investigated conditions (pH 2.0, 5.4, and 7.4) mixtures of PEI-Mal-
A25 with RB exist in the form of single macromolecules. Mixtures of RB and PEI-Mal-B25 and 
-C25, however, tend to form aggregates or to precipitate at pH 5.4 and 7.4. This aggregation 
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phenomenon might be explained by the ability of RB molecules to oligomerise. Indeed, PEI-
Mal-B25 and -C25 are characterised by a higher surface charge than PEI-Mal-A25; and 
therefore, they can absorb more RB molecules on their surface. At high enough concentrations of 
RB molecules hosted on the surface of PEI-Mal macromolecules, they start to form oligomers. If 
two or more RB molecules belong to different PEI-Mal macromolecules, then formation of 
macromolecular aggregates occurs (Figure 104). 
 
Figure 104. Proposed model of interactions between rose bengal (RB) and PEI-Mal-B25/-C25; (a) encapsulation of 
RB in the PEI core and the maltose shell; (b) self-stacking of RB in the core and the shell; (c) saturation of the core 
and the shell; (d) aggregation of RB@PEI-Mal complexes due to strong self-stacking of complexed RB molecules; 
(e) assembly in stable aggregates or precipitation of the non-stable aggregated complexes; (f) reconstruction of 
agglomerates and release of a part of GMs and PEI-Mal macromolecules. 
Influence of the G/H ratio. An increase of the G/H ratio leads to complete compensation 
and overcharging of the polymer’s charge as well as to increase of the oligomerized RB content. 
This, in turn, leads to acceleration of the aggregation processes observed for PEI-Mal-B25/-C25 
by DLS studies. As it was demonstrated above on the example of ATP@PEI-Mal complexes, 
release kinetics depend on the G/H ratio. However, it should be mentioned that not only the G/H 
ratio, but also the ability to form aggregates influences it. Thus, the aggregated RB30@PEI-Mal-
B25 complex is characterised by much slower release kinetics than the non-aggregated 
ATP45@PEI-Mal-B25 complex. 
Influence of the environment (pH, salts). Not only release properties of RB@PEI-Mal 
complexes depend on the pH of the solution, but their aggregation ability, too. Thus, if RB exists 
in the neutral form and PEI-Mal bears strong positive surface charge (pH < 3), their complexes 
exist in the form of single molecules. However, if RB bears an anionic charge and PEI-Mal-
B25/-C25 is only partially charged, aggregation of PEI-Mal macromolecules takes place. As 
opposed to the ATP@PEI-Mal-B25 behaviour, the presence of buffer salts sufficienly alters the 
Ionic interactions between RB and PEI-Mal-B
π-π staking between RB
+++
++
~0
aggregation
partial 
decomplexation
(a) (b) (c) (d) (e) (f)
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state of RB@PEI-Mal-B25 complexes in the solution. Indeed, in MQ water mixtures of PEI-
Mal-B25 with RB do not aggregate for a long time. The influence of the buffer salts is explained 
by the presence of a “salting out” effect on PEI-Mal-B25 macromolecules. 
 
 AR26 
Generally, interactions of AR26 with PEI-Mal-B25 are similar to those of RB with PEI-Mal-
B25. Thus, several similarities in the behaviour of the complexes with AR26 and RB were 
found. 
Influence of the G/H ratio. Aggregation behaviour of AR26@PEI-Mal-B25 complexes 
strongly depends on the G/H ratio. However, formation of aggregates occurs at much higher G/H 
ratios (G/H > 20) than it was required for the aggregating RB/PEI-Mal-B25 solutions. As it was 
shown with the help of DLS measurements, the aggregation mechanism of AR26@PEI-Mal-B25 
is similar to that of RB complexes and consists of two phases: initial aggregation followed by 
partial decomposition. 
Influence of the environment (pH, salts). Similar to the complexes of RB with PEI-Mal-
B25, aggregation behaviour is apparent only in the presence of buffer salts in the solution. 
Therefore, a “salting out” effect on PEI-Mal-B25 macromolecules can be assumed, as it was 
already mentioned in 
15, 22
. 
 
The third part of the work (Chapter 5) is devoted to the realisation of a PEI-Mal-based 
nanocomposite hydrogel. Here, different synthetic strategies were applied to achieve the desired 
physico-chemical properties (exemplified in Figure 105). According to them PEI-Mal 
macromolecules are complexed into the hydrogel either during the polymerisation step, or after it 
by means of electrostatic attraction. In the hydrogel, PEI-Mal is retained by covalent and/or 
electrostatic interactions.  
 
Figure 105. Multicompartment release drug@glycopolymer@hydrogel system tailored by non-covalently driven 
interactions between drug and dendritic glycopolymer PEI-Mal and non-covalently and covalently driven 
interactions between dendritic glycopolymer PEI-Mal and hydrogel. Step A – encapsulation of PEI-Mal-B25 into 
+
+
+
+
+
Step A Step B Step C
+
+
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hydrogel; Step B – adsorption of drug molecules by PEI-Mal-B25@hydrogel composite; Step C – pH-dependent 
release of guest drug molecules, PEI-Mal-B25 and/or drug@PEI-Mal-B25 complex from hydrogel. 
Incorporation of PEI-Mal during the hydrogel polymerisation results in weak mechanical 
properties of the obtained multicomponent hydrogels. Moreover, hydrogel with PEI-Mal 
electrostatically bound shows very low stability. However, multicomponent systems obtained by 
absorption of PEI-Mal into the pre-polymerised hydrogel are characterised by both satisfactory 
mechanical and stability properties. The first example of this system consists of PEI-Mal being 
bound into the hydrogel by ionic interactions, the second one, by means of boronic ester 
formation between the boronic moieities of the hydrogel and hydroxyl groups of PEI-Mal. Both 
composite hydrogels showed pH-responsive release behaviour. It was shown that incorporation 
of positively charged PEI-Mal macromolecules in the hydrogel scaffold results in the decrease of 
both degree of swelling and lower critical solution temperature. 
In the next step, ATP was incorporated into the composite hydrogel at different G/H ratios 
with PEI-Mal. However, electrostatic interactions of ATP with PEI-Mal macromolecules lead to 
the complete loss both of the pH- and G/H-dependent release behaviour if PEI-Mal is ionically 
bound to the hydrogel matrix. The other system based on covalent interactions of PEI-Mal with 
the hydrogel shows the required pH- and G/H-response. The realised system can be potentially 
used in drug delivery applications to provide delivery of various anionic bioactive molecules. 
 
Further experiments are suggested as an outlook to the work. 
1. Optimisation of currently developed core-shell drug carriers. 
As it was shown on the example of PEI-Mal, core-shell hb polymers with different density of 
a shell are characterised by different interaction patterns with GMs. Thus, whereas GMs are 
localised both in the void-rich environment within the dendritic scaffold and on the surface of the 
hb carrier with the loose shell and low DS, they can be found mostly on the surface of dense-
shell host macromolecules. Therefore, it is highly possible that application of the dense-shell 
dendritic carriers in drug delivery applications will lead to an undesirable release of GMs in a 
bloodstream. To avoid it, it is recommended to use core-shell dendritic polymers with low DS as 
carriers. 
The comparison of the release experiments of RB@PEI-Mal-B25 and ATP@PEI-Mal-B25 
complexes indicates that the formation of aggregates has a positive effect on the retained release 
kinetics. Such aggregated carriers can be further used for the development of long-term drug 
release systems, as it was exemplified by Morikava.
104
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2. Investigation of electrical and drug carrier abilities of PEI-Mal-based nanofibers. 
As it was concluded, the main driving force of aggregation of AR26@PEI-Mal-B25 
complexes are the π-π interactions between stacked dye molecules. Therefore, one can suppose 
the existence of a continuous aromatic system all along the formed nanofibers. Potentially, such 
extremely long continuous system might possess not only unusual release kinetics, but also 
unique electrochemical properties. Preparation simplicity and high order of the obtained fibers 
make AR26@PEI-Mal-B25 complexes an interesting object for further investigations. 
3. Application of PEI-Mal based hydrogels in biological studies. 
Multicomponent PEI-Mal-based hydrogels showed themselves as promising drug carriers. 
However, the applied NIPAAm-co-BIS-co-AA hydrogel matrix has a major disadvantage since 
it is not fully biocompartible and biodegradable. As an extension to the work it is suggested to 
use an agarose gel as the matrix for the drug@PEI-Mal complexes. Since agar exhibits hysteresis 
with the suitable melting and solidifying points, it can be applied to retain not only individual 
carrier macromolecules, but also aggregated complexes. The latter should lead to extended drug 
release. 
To employ advantages of multicomposite hydrogels fully, it is also recommended to 
investigate the usage of oppositely charged GMs and hydrogel matrixes. 
4. Simultaneous encapsulation of various drug molecules. 
The multicomponent principle of PEI-Mal-based hydrogels allows simultaneous 
complexation both of various PEI-Mal carriers (structures with the open or dense shell, different 
core size) and of GMs. Therefore, PEI-Mal-based hydrogels may be applied to deliver various 
drug molecules with various release kinetics. 
 
Summarising this chapter, a deep insight into the complexation mechanism of core-shell 
hyperbranched polymers exemplified by interactions of PEI-Mal with anionic aromatic guest 
molecules was achieved. Also, an application of PEI-Mal as a part of a multicomponent 
hydrogel-based delivery system was demonstrated. The obtained results indicate that PEI-Mal is 
a promising carrier system, which can be further used for detailed biological studies. 
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6. Experimental part 
6.1. Methods and instruments 
DLS and zeta potential measurements 
Zetasizer Nano (Malvern Instruments/UK) was used for the determination of the 
hydrodynamic diameter of investigated PEI-Mal complexes. Zetasizer was equipped with a 
633 nm He/Ne laser and a non-invasive back scatter (NIBS
®
) technology. It was also used for 
electrophoretic experiments to determine the electrophoretic velocity of the complexes. The 
complex velocity in an electric field, using 120 V/cm, was measured by laser Doppler 
anemometry employing the He/Ne laser. The apparent electrokinetic potential (zeta potential, ) 
values were calculated from the complex velocity according to the Henry equation:  
   
      (  )
  
 (11) 
where ε is the dielectric constant, f(κa) is the Henry’s function, and η is dynamic viscosity of the 
dispersion medium (Pa·s). Since the presented measurements had been done in aqueous media 
and moderate electrolyte concentration, f(κa) is 1.5, ε is 78.9 (at 24°C), and η is 0.9086 mPa·s (at 
24°C). 
Prior to measurement, samples were filtered with a 0.2 μm Millipore syringe filter to remove 
dust particles. DLS and zeta potential measurements were carried out by Mrs. Anja Caspari. 
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DLS investigation of PEI-Mal mixtures with various guest molecules  
Concentration of PEI-Mal was in all cases equal to 0.5 mg/ml. Concentrations of guest 
molecules in the resulting solutions are given in Table 26.  
Table 26. Concentration of GM in various DLS experiments with PEI-Mal. 
 Sample concentration of GM [mg/ml] 
G/H ratio In experiments with 
PEI-Mal-A25 
In experiments with PEI-
Mal-B25 
In experiments with 
PEI-Mal-C25 
 Concentration of RB 
1 - 0.015 - 
6 0.043 0.092 0.146 
12 - 0.184 - 
32 - 0.460 - 
 Concentration of ATP 
128  1.01  
 Concentration of AR26 
1  0.007  
5  0.035  
10  0.069  
20  0.138  
50  0.3441  
 
 
Elemental analysis 
Elemental analyses were carried out on a Hekatech EA 3000 Euro Vector CHNSO elemental 
analyser at TU Dresden. 
 
NMR 
1
H NMR and 
13
C NMR measurements were carried out on a Bruker DRX 500 NMR 
spectrometer at 500.13 MHz and 125.75 MHz, respectively. D2O, CDCl3, and DMSO-d6 were 
used as solvents. For internal calibration the solvent peaks of D2O [(
1
H) = 4.79 ppm], CDCl3 
[(
1
H) = 7.26 ppm, (
13
C) = 77.00 ppm],  and DMSO-d6 [(
1
H) = 2.50 ppm, (
13
C) = 39.60 ppm] 
were used.  
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NMR titration experiments 
A polymer sample was dissolved in 0.7 ml of 10 mM phosphate buffer solution and titrated 
with 10 mg/ml solution of ATP in the same buffer. Each time 10 µl of the ATP solution were 
added. Masses of the polymer samples are given in Table 27. NMR titration experiments were 
performed by Dr. Hartmut Komber and Mr. Andreas Korwitz. 
Table 27. Masses of PEI-Mal macromolecules in NMR titration experiments with ATP. 
 Mass [mg] 
PEI-Mal-A25 5.8 
PEI-Mal-B25 5.0 
PEI-Mal-C25 3.3 
PEI-25kDa 1.5 
 
DOSY 
All the DOSY spectra were recorded with a Bruker Avance 500 spectrometer equipped with 
a pulsed gradient unit capable of producing magnetic field pulse gradients in the z-direction of 
56 G·cm
-1
. In every case the lock signal was adjusted to D2O. The temperature was set and 
controlled at 298 K with an air flow of 535 l·h
-1
 in order to avoid any temperature fluctuations 
due to sample heating during the magnetic field pulse gradients. 
All DOSY experiments were performed with the stimulated echo (SE) pulse sequence using 
bipolar gradient pulses (BP), two spoil gradients and a longitudinal eddy current delay (LED).
240
 
The duration of the magnetic field pulse gradients  was5 ms, the diffusion time was 80 ms 
and the eddy current delay (Te) was set to 5 ms. The pulse gradients (g) were incremented from 2 
to 80 – 95 % of the maximum gradient strength in a linear ramp.  and   were kept constant and 
the highest percentage of maximum gradient strength was optimized in order to obtain complete 
dephasing of the signals. Typically in each PFG NMR experiment, a series of 16 – 64 spectra on 
16 K data points were collected. After Fourier transformation, phase correction and baseline 
correction, the diffusion dimension was processed with the Bruker Topspin 2.1 software 
package. DOSY measurements were performed by Dr. Hartmut Komber and Mr. Andreas 
Korwitz. 
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TEM 
Libra 120 and 200 (Carl Zeiss NTS GmbH, Germany) transition electron microscopes 
operated at 120 kV and 200 kV, respectively, were used to perform bright field TEM images. A 
Libra 200 transition electron microscope with integrated Omega-type energy filter was used to 
perform energy-filtered transmission electron microscopy (EFTEM) imaging. Polymer 
specimens were prepared by drying a droplet of a polymer solution in MQ water or 10 mM PBS 
on amorphous carbon-coated copper grids (300-mesh, Plano GmbH, Wetzlar, Germany). 
Polymer specimens for cryo-TEM imaging were prepared with the help of a cryoplunger Leica 
EM GP (Leica Mikrosysteme Vertrieb GmbH, Germany) on Quantifoil R 1.2/1.3 holey carbon 
film grids (Quantifoil Micro Tools GmbH, Germany). 
Nitrogen and oxygen elemental map were created in accordance with the “three-window 
power law” method,
144
 where the first energy-filtered image just above the element absorption 
edge is acquired as image containing element-specific information as well as background. The 
background is extrapolated from two images acquired below the absorption edge. This 
background image is subtracted from the element-specific image, resulting in elemental map 
image. EFTEM measurements were performed by Dr. Petr Formanek. 
 
AFM 
All AFM measurements were performed in the tapping mode using Dimension 3100 
NanoScope V (Bruker Nano Surfaces Division, USA) equipped with a direct drive cantilever 
holder for fluid operation. We used silicon-SPM-sensors (BudgetSensors, Bulgaria) with spring 
constant of ca 0.2 N/m, resonance frequency of ca 20 kHz, and tip radius lower than 10 nm. In 
situ AFM was done on silicon wafers modified with (3-aminopropyl)-diethoxy-methylsilane. A 
drop of the respective polymer buffer solution (10 mM AcBS pH 5.4 and 10 mM PBS pH 7.4) 
was deposited on the wafer and the measurement was carried out in tapping mode. After drying 
on air wafers were measured once again. AFM measurements were carried out by Mr. Andreas 
Janke. 
 
SAXS 
The SAXS measurements were carried out on a Kratky-type camera instrument equipped 
with a sealed copper X-ray tube ( λ = 0.154 nm) and a CCD detector (SAXSess, Anton Paar 
GmbH, Austria). Data acquisition, reduction and deconvolution of the data were performed with 
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the CCDquant and SAXSquant programs (Anton Paar GmbH, Austria). The measured intensities 
were corrected by subtracting the intensity of the corresponding solvent and set to absolute units 
(cm
-1
) using water as reference. To increase reproducibility, the same capillary was used for all 
samples, for water measurement and for determination of the scattering of the empty capillary. 
Intensities as a function of the scattering vector q – defined in terms of the scattering angle (θ) 
and the wavelength (λ) of radiation with q = 4π/ λ sin θ – were measured in the range of 
0.07 < q < 6.00 nm
-1
. Temperature control was achieved with a TCS 120 temperature control 
unit (Anton Paar GmbH, Austria) with an accuracy of ± 0.1°C. SAXS measurements and their 
interpretation were done by Prof. Dr. Andreas F. Thünemann and Mrs. Simona Rolf 
(Bundesanstalt für Materialforschung und -prüfung, Berlin). 
 
Calculation in SAXS 
To simulate structures of hyperbranched polymers and to interpret the data, star polymers and 
dendrimers in solution, several models were created.
241
 The obtained curves were poor in 
detailed features (Figure 44, Figure 72); therefore, the simplest model was applied for describing 
the characteristics of the curves. In general, Guinier’s law is suitable for the interpretation of the 
scattering intensity at low q-values by 
   2 213exp gI q G R q     (12) 
where G is a pre-factor and Rg is the radius of gyration of the nano object. The power law 
   PI q Bq  (13) 
is typically applicable in the region of high q-values, where B is the scaling factor and P the 
exponent. A practical way of combining eq. (12) and (13) was given by Beaucage in the form 
    
3
2 2 11
3
exp erf 6
P
g gI q G R q B R q q
           
 (14) 
It can be seen that the q in eq (13) is replaced by q* =  
3
1erf 6 gR q q
 
 
 in eq (14). This 
substitution ensures that the power law contribution produces only diminishing intensities in the 
low-q region, whereas it otherwise interferes. Eq. (14) seems to be the simplest model for 
describing the total scattering curves of the PEIs by using four parameters. It is suitable for 
sufficient curve fitting of the SAXS curves of all samples. The power law exponent P in eq. (14) 
was held constant at 4 in agreement with Porod’s law, i.e. a stepwise density transition between 
particle and its surroundings.
242
 
147 Experimental part 
The weight average volume of particles of arbitrary shape can be calculated
242
 from the 
relation 
 
 2 02
I
V
Q

 (15) 
where  0I , the intensity at q = 0, has been determined from Guinier plots. The Porod 
invariant is defined as 
 
 2
0
Q q I q dq

 
 (16) 
and was calculated experimentally from a Kratky plot by numerical integration of  2q I q  in 
the range between the minimum and maximum q-value. 
 
Polyelectrolyte titration 
Charge densities (q) of maltose-modified PEIs were determined by polyelectrolyte titration in 
a particle charge detector (PCD-03, Mütek, Germany), combined with a 702 SM Titrino 
(Metrohm, Switzerland). 0.001 M Solutions of low molecular weight sodium poly(ethylene 
sulfonate) (PES-Na) or poly(diallyldimethylammonium chloride) (PDADMAC) were used as 
titrants for cationic and anionic systems, respectively. q (C/g) was calculated according to the 
equation (17):  
   
                 
  
 (17) 
where Ctitrant is the concentration of titrant (meq/l), V is the volume of titrated solution, Vtitrant is 
the equivalent titrant volume, and m is the content of polyelectrolyte in titrated solution (g/l).  
Measurements were performed by Dr. Simona Schwarz. 
 
Calculation of charge density per macromolecule 
Charge density per macromolecule q (e/macromolecule) was calculated according to the 
equation (18): 
   
     
 
 (18) 
where q is the charge density of macromolecule (C/g), M is the molar mass of macromolecule, 
NA is the Avogadro constant (mol
-1
), and e is the elementary charge (C). 
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µ-Differential scanning calorimetry 
The measurements were carried out with a Setaram micro-DSC III heat conduction scanning 
microcalorimeter (Setaram, France). The water saturated samples were transferred to a 1 ml 
measurement batch vessel (Hastelloy C, Haynes International Inc., USA). Absorbed or released 
heat was recorded relative to the 1 ml reference vessel filled with pure water as blank sample. 
The vessels were allowed to stabilize at 20 °C for 60 min prior to the initiation of the scanning 
experiment over the temperature range of 20°C to 80°C. The heating rate was 0.5°C min
-1
 for all 
experiments. Cooling of the vessel to the initial conditions and rescanning of the sample were 
done in order to check whether the polymer transitions were reversible. All measurements were 
repeated at least once. Measurements were performed by Dr. Petra Welzel. 
 
SEM 
The SEM images of hydrogel samples were taken on a Ultra 55 (Carl Zeiss NTS, 
Oberkochen, Germany) scanning electron microscope operating at 3 kV in the secondary 
electron (SE) mode. Before the analysis, swollen hydrogel samples were lyophilised in a freeze 
dryer Alpha 1-2 LD plus (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, 
Germany). In order to increase the contrast and quality of images, the dried samples were coated 
with 5-10 nm gold layer using low vacuum spatter coater. SEM images were obtained by Dr. 
Petr Formanek. 
 
Cryo-SEM 
The cryo-SEM measurements were done in a Neon 40EsB (Carl Zeiss NTS GmbH, 
Germany) scanning electron microscope. Before imaging swollen hydrogels were frozen in 
liquid nitrogen and broken into smaller pieces with a mortar. Then specimen were covered with a 
Pt layer (5 min, 20 mA) using sputter-coater (Leica EM SCD500, Leica Microsystems GmbH, 
Germany). Leica EM VCT100 (Leica Microsystems GmbH, Germany) vacuum cryo transfer 
system was used to transfer a sample into the scanning electron microscope. Cryo-SEM images 
were obtained by Mr. Michael Göbel. 
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UV-Vis 
All UV-Vis measurements were carried out using 3 ml Plastibrand plastic cuvettes (Carl-
Roth GmbH, Germany) in a Varian Cary 100 Spectrophotometer (Varian, Inc., USA). ATP was 
detected on wavelength 258 nm, RB – 549 nm, AR26 – 506 nm, d-PEI-Mal-B25 – 421 nm, and 
fl-PEI-Mal-B25 – 498 nm. Before the measurements calibration curves of all the components 
were taken (exemplified in Figure 106).  
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Figure 106. (a) UV-Vis spectra of 0.03 mg/ml ATP in 10 mM phosphate buffer pH 2.0, 10 mM 
acetate buffer pH 5.4, 10 mM phosphate buffer pH 7.4, and MQ water; (b) Calibration curve of 
ATP.  
UV-Vis investigation of dye (RB or AR26) and PEI-Mal mixtures  
All solutions were made in MQ water or in 10 mM buffer solutions (PBS pH 2.0, AcBS 
pH 5.4, and PBS pH 7.4). In the series of experiments of the different G/H ratios concentration 
of the dye remained constant. Solutions of higher G/H were obtained by appropriate dilution of 
the polymer’s solutions. Concentrations of dyes and PEI-Mal macromolecules are given in Table 
28. 
Table 28. Concentration of the host and guest molecules in various UV-Vis experiments 
 Concentration in the solution [mg/ml] 
G/H Ratio GM PEI-Mal-A25 PEI-Mal-B25 PEI-Mal-C25 
Experiments with RB 
1 0.008 0.56 0.27 0.16 
Experiments with AR26 
1 0.00014  0.01  
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Ultrafiltration 
For the ultrafiltration procedures solvent-resistant stirred cell XFUF07601 (Millipore Corp., 
USA) with ultrafiltration membranes from poly(ethylene sulfone) and regenerated cellulose with 
the nominal molecular weight limit of 5000 Da (Millipore Corp.; USA) at rotation speed of 
50 rpm under 5 atm pressure of nitrogen was used. To eliminate underestimation of the results, 
prior to analysis of RB-contained mixtures membranes from regenerated cellulose were saturated 
with 0.5 mg/ml aqueous solution of RB. 
 
Investigation of complexation capabilities of PEI-Mal towards guest molecules 
For the evaluation of the complexation capabilities of PEI-Mal, the equal volumes of 
solutions of host and guest molecules in 10 mM PBS at pH 7.4 were mixed together and stirred 
for 1 or 24 hours. After the ultrafiltration step to separate non-complexed guest molecules (GM), 
filtrate was investigated by UV-Vis spectroscopy to determine amount of non-complexes GM. 
Additionally, sediment was dissolved from the membrane in a small amount of water and 
subsequently lyophilised. Then dried complexes were dissolved in a certain amount of water and 
their solutions were investigated by UV-Vis spectroscopy to determine amount of GMs in the 
complexes. Concentration of components are given in Table 29 and Table 30. Solutions of 
higher G/H were obtained by appropriate dilution of the polymer’s solutions. 
Table 29. Concentration of RB and PEI-Mal in uptake experiments. 
 Concentration in the solution [mg/ml] 
G/H ratio RB PEI-Mal-A25 PEI-Mal-B25 PEI-Mal-C25 
1:1 0.008 0.4069 0.2183 0.1441 
Table 30. Concentration of ATP and PEI-Mal in uptake experiments. 
 Concentration in the solution [mg/ml] 
G/H ratio ATP PEI-Mal-A5 PEI-Mal-B5 PEI-Mal-A25 PEI-Mal-B25 
1:1 0.046 0.094 0.428 0.141 3.000 
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Determination stability of GM@PEI-Mal complexes 
Defined amount of dry GM@PEI-Mal-B25 complex was dissolved in 10 mM buffer solution 
or MQ water (Table 31 and Table 32). To determine the amount of liberated GM, 10 ml of the 
solution was sampled and ultrafiltered each time. The absorbance of the filtrate was investigated 
by UV-Vis spectroscopy.  
Table 31. Masses of ATP@PEI-Mal-B25 complexes in defined volume (V) in various release experiments 
Ratio 
ATP/PEI-Mal-B25 
Mass of ATP@PEI-Mal-B25 
[mg] 
V solution 
[ml] 
15 57.1 250 
45 46.5 500 
Table 32. Masses of ATP@PEI-Mal-B25 complexes in defined volume (V) in various release experiments. 
Ratio 
RB/PEI-Mal-B25 
Mass of RB@PEI-Mal-B25 
[mg] 
V solution 
[ml] 
1 20 500 
30 10 500 
 
Determination of degree of swelling  
Degree of swelling (DSw) was determined gravimetrically. The weight degree of swelling is 
defined as the mass of absorbed water per mass of dried copolymer network: 
     
     
  
 (19) 
where Wt is the mass of swollen hydrogel and Wd is the mass of dried hydrogel. 
In experiments using bulk hydrogels samples were put into MQ water for a week to absorb 
maximal amount of water. Then swollen samples were weighed and dried at 40 °C under 
vacuum until reaching constant weight. In experiments using mechanically crushed hydrogel 15 
mg of dry hydrogels were weighed in a 2 ml Eppendorf tube and mixed with 2 ml of MQ water. 
The tube was stand alone for 72 h, after that it was centrifuged at 6000 rpm for 5 min to remove 
non-absorbed water. Then the tube was weighed once again to get the mass of the swollen gel.  
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Uptake of PEI-Mal into hydrogels 
Experiments using bulk hydrogel H1, H6, and H7. Swollen hydrogel samples with a defined 
mass of ~1 g were dried at 40 °C under vacuum for a minimum of two days and then mixed with 
25 ml of 1 mg/ml fl-PEI-Mal-B25 water solution adjusted with NaOH or HCl to the desired pH 
value. Every hour for the first day and then once a day 3 ml of the solution were reversibly 
picked out and measured by UV-Vis spectroscopy. Each experiment was carried out in 
triplicates.  
Experiments using mechanically crushed hydrogels µH1, µH6, and µH7. 240 mg of dry 
hydrogel were added to 174 ml of 1 mg/ml water solution of d-PEI-Mal-B25 and stirred 
overnight. Then excess of the solution was removed by centrifugation at 10000 rpm for 10 min. 
Resulting supernatant was investigated by UV-Vis spectroscopy to determine the amount of 
hosted d-PEI-Mal-B25. Meanwhile swollen d-PEI-Mal-B25@hydrogel complex was dried by 
lyophilization overnight. Each experiment was carried out in triplicates. 
 
Release of PEI-Mal-B25 from the PEI-Mal-B25@hydrogel complexes 
Experiments using bulk hydrogel H1, H6, and H7. fl-PEI-Mal-B25 was hosted into the hydrogel 
as described above. Then swollen fl-PEI-Mal-B25@hydrogel complexes were separated from 
the solutions, carefully dried with a piece of tissue and immersed into 25 ml of the solution at 
pH 7.4, 11.0, or MQ water. Every hour for the first day and then once a day 3 ml of the solution 
were reversibly picked out and measured by UV-Vis spectroscopy. Each experiment was carried 
out in triplicates.  
Experiments using mechanically crushed hydrogels µH1, µH6, and µH7. d-PEI-Mal-B25 was 
hosted into the hydrogel as described above. 10.6 mg of the dry d-PEI-Mal-B25@hydrogel 
complex were immersed in 8 ml of the buffer solution at pH 2.0, 5.4, and 7.4 also containing 154 
mM NaCl. Every hour for the first day and then once a day 1 ml of the solution was changed 
with the fresh buffer and investigated by UV-Vis spectroscopy. 
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Uptake and release of ATP by PEI-Mal-B25@hydrogel complexes 
Experiments using bulk hydrogel H1. (a) Uptake of ATP46@fl-PEI-Mal-B25 complex into the 
hydrogel: Swollen hydrogel samples with a mass of ~1 g were dried at 40 °C under vacuum for a 
minimum of two days and then mixed with 25 ml of 0.12 mg/ml ATP46@fl-PEI-Mal-B25 water 
solution. (b) Uptake of ATP into the fl-PEI-Mal-B25@hydrogel complex: Swollen fl-PEI-Mal-
B25@hydrogel samples (prepared as described above) with a mass of ~1 g were dried at 40 °C 
under vacuum for a minimum of two days and then mixed with 25 ml of 0.05 mg/ml ATP water 
solution. Every hour for the first day and then once a day 3 ml of the solution were reversibly 
picked out and measured by UV-Vis spectroscopy. Each experiment was carried out in 
triplicates.  
Experiments using mechanically crushed hydrogels µH1, and µH6. The defined amount of  
d-PEI-Mal-B25@hydrogel complex was added to the 0.5 mg/ml ATP water solution and stirred 
at 4 ˚C for 24 hours (Table 33). Then hydrogels were centrifuged (10 min, 10000 rpm) and 
lyophilized. Amount of the hosted ATP was investigated by the UV-Vis spectroscopy of 
supernatant solution. Release experiments from the mechanically crushed hydrogels µH1 and 
µH6 were carried out as described for the release of PEI-Mal-B25. Namely, 10.6 mg of the dry 
ATP@d-PEI-Mal-B25@hydrogel complex were immersed in 8 ml of the buffer solution at 
pH 2.0, 5.4, and 7.4 also containing 154 mM NaCl. Every hour for the first day and then once a 
day 1 ml of the solution was changed with the fresh buffer and investigated by UV-Vis 
spectroscopy. 
Table 33. Compositions of the mixtures for the preparation of ATP@PEI-Mal-B25@Hydrogel complexes. 
Ratio 
ATP/PEI-Mal-B25 
Volume of 0.5 mg/ml ATP 
water solution 
[ml] 
Mass of PEI-Mal-B25@Hydrogel 
complex 
[mg] 
5 5.0 100.0 
15 8.0 69.6 
30 23.25 56.8 
 
 
 
 
Experimental part  154 
 
6.2. List of chemicals 
The chemicals used in this work are listed together with data on their purity and producer. 
 
Substance Producer 
3-Aminophenylboronic acid monohydrate (98%) Aldrich 
3-(Aminopropyl)dimethylethoxysilane (97%) Aldrich 
4-(4-Isothiocyanatophenylazo)-N,N-dimethylaniline (97%) Sigma-Aldrich 
Acetic acid (99.7%) Sigma-Aldrich 
Acid Red 26 (p.) Acros 
Acrylic acid (99%) Aldrich 
Acryloyl chloride (97%) Aldrich 
Adenosine 5′-triphosphate disodium salt hydrate (≥99%) Aldrich 
Ammonium persulfate (>98%) Sigma 
D2O (> 99.99 % D) Merck 
DMSO (p.a.) Fluka 
DMSO-d6 (> 99.9 % D)  Merck 
Ethanol (p.a.) Acros Organics 
Fluorescein 5(6)-isothiocyanate (≥90%) Sigma 
Glycidyl methacrylate (97%) Aldrich 
Hexane (>95%) Sigma-Aldrich 
Hydrochloric acid concentrate Fluka 
Lupasol G100 (PEI-5k) BASF 
Lupasol WF (PEI-25k) BASF 
N,N,N′,N′-Tetramethylethylenediamine (≥99%) Sigma 
N,N′-Methylenebisacrylamide (99%) Sigma-Aldrich 
N-Isopropylacrylamide (≥99%) Aldrich 
Phosphoric acid (85%) Sigma 
PIPES (≥99%) Sigma 
Rose Bengal sodium salt (95%) Aldrich 
Sodium acetate (≥99%) Sigma-Aldrich 
Sodium chloride (>99.5%) Sigma-Aldrich 
Sodium hydroxide (≥98%) Sigma-Aldrich 
Sodium phosphate dibasic (>99%) Sigma-Aldrich 
Sodium phosphate monobasic (>99%) Sigma-Aldrich 
Sodium phosphate tribasic (>96%) Aldrich 
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Used buffer solutions 
10 mM phosphate buffer pH 2.0 + 154 mM NaCl  
0.245 g of H3PO4 were mixed with 0.288 g of NaH2PO4 and diluted up to 500 ml with MQ 
water. If it was required, 3.728 g of NaCl were added to the solution. 
100 mM stock acetate buffer pH 5.4 
0.44 ml of acetic acid were mixed with 3.460 g of sodium acetate and diluted up to 500 ml with 
MQ water. 
10 mM acetate buffer pH 5.4 + 154 mM NaCl  
50 ml of 100 mM stock acetate buffer were dissolved in 450 ml of MQ water, and 3.728 g of 
NaCl were added to the solution. 
10 mM PIPES buffer pH 7.4 + 154 mM NaCl  
1.512 g of PIPES free acid in approx. 450 ml of pure water were titrated with 0.1 M NaOH to 
pH 7.4. Volume was filled up to 500 ml with MQ water, and 3.728 g of NaCl were added to the 
solution. 
10 mM phosphate buffer pH 7.4 + 154 mM NaCl  
0.2208 g of NaH2PO4 were mixed with 0.4473 g of Na2HPO4 and diluted up to 500 ml of MQ 
water. If it was required, 3.728 g of NaCl were added to the solution. 
6.3. Synthesis 
Synthesis of PEI-Mal 
The following general experimental procedure was applied to obtain the various maltose-
modified PEI; it corresponds to the original procedure described by Appelhans et al.
12
 1 g of 
PEI-5kDa (Mw = 5,000 g/mol, Mn = 3,600 g/mol, PDI = 1.39, DB = 67.4 %) or PEI-25kDa 
(Mw = 25,000 g/mol, Mn = 9,600 g/mol, PDI = 2.6, DB = 70.6 %) was dissolved in 50 ml of 
0.1 M sodium borate solution followed by the addition of D(+)-maltose monohydrate and 
BH3·Py complex. The reaction solution was stirred at 50°C for 7 days. Then, the crude product 
was purified by dialysis toward MQ water for 3 days. The different oligosaccharide-modified 
PEIs were obtained via freeze-drying. The yields were between 60 and 90 %. The molar ratio 
NH-groups/maltose and masses of D(+)-maltose monohydrate required for the reaction with 1 g 
of PEI are given in Table 34. The molar amount of D(+)-maltose monohydrate and the reduction 
agent was taken in an equimolar ratio. Structural characterisation of various PEI-Mal 
architectures was done in Chapter 4.1.2.1.  
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Table 34. Definition of the applied PEI-Mal structures. 
PEI-Mal Mw of 
PEI core 
Ratio NH-groups : D(+)-maltose 
monohydrate 
[mol : mol] 
Mass of D(+)-maltose 
monohydrate / 1 g of PEI  
[g] 
PEI-Mal-A25 25,000 
´´ 
´´ 
1:5 41.810 
PEI-Mal-B25 
1:0.5 4.181 
PEI-Mal-C25 
1:0.2 1.672 
PEI-Mal-A5 5,000 
´´ 
´´ 
1:5 42.035 
PEI-Mal-B5 
1:0.5 4.204 
PEI-Mal-C5 
1:0.2 1.681 
 
 Synthesis of various hydrogels 
NIPAAm was purified by recrystallization from hexane (70 °C, 2.5 ml of hexane per 1 g of 
NIPAAm). TEMED and BIS were used without further purification. Acrylic acid was purified by 
vacuum distillation. Dry nitrogen gas was bubbled through 100 ml of aqueous solution, 
composed of total 5 %wt of NIPAAm, BIS and ionic monomers for 15 min. After that 5 ml of 
aqueous 0.02 g/ml ammonium persulfate solution and 200 μl of TEMED were added as initiator 
and accelerator to the monomer solution, respectively. The reaction mixture was stirred 
vigorously for 30 s and allowed to polymerize at room temperature for 19 h on covered Petri 
dishes. After the polymerization the hydrogels were removed from the dishes and washed for at 
least 72 h in water to extract unreacted compounds. The composition of the synthesized 
hydrogels is presented in Table 19. For the preparation of “bulk” samples (H1-H7 hydrogels), 
after purification/extraction with water swollen hydrogels were cut into the pieces with a mass of 
about1 g which were used for the experiments. Additionally, further pretreatment of the bulk 
hydrogel was carried out to transfer them in a kind of microgel defined as mechanically crushed 
hydrogel µH1, µH6 and µH7. Washed and dried hydrogels were frozen in liquid nitrogen and 
crushed in the analytical mill for 10 min with the subsequent lyophilization procedure to obtain 
them in dry state.  
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Synthesis of acrylamidophenylboronic acid (AAPBA)  
HN
B
OH
OH
O
Cl
O
1. NaOH, ice bath;
2. HCl, RT.
B
OH
OH
NH2
(a)
(b)
(c)
(d)
(e)
 
 
AAPBAwas synthesized according to the preparation previously described in literature.
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3-Aminophenylboronic acid (1.3 g, 8.4 mmol) was dissolved in NaOH (16.9 ml, 2 M) and 
cooled in an ice bath. Acryloyl chloride (1.4 ml, 17.2 mmol) was added dropwise to the solution 
with intensive stirring for 15 min. Hydrochloric acid (1 M) was added dropwise to adjust the pH 
to ca. 1. The pH value was controlled with a pH meter. The white-yellow precipitate of the 
product was filtered off on a glass filter (Schott, Duran, No. 4) and then washed on the filter with 
cold water. The resulting brown to light brown precipitate was recrystallized by dissolving the 
crude product in ca. 35 ml water on heating to 90°C. The product was obtained as white-beige 
needles by crystallization of the solution overnight in the fridge. The crystals were filtered off 
(Schott, Duran, No. 4), washed with cold water and then dried under vacuum for 2 days. The 
yield of AAPBA was 0.7 g (35.8%). 
1
H NMR (DMSO-d6):  (ppm) = 6.25 and 6.45 (2Ha), 5.73 (1Hb), 10.05 (1Hc) , 7.2~7.9 
(4Hd), 8.0 (2He). 
13
C NMR (DMSO-d6):  (ppm) = 163.0, 138.1, 135.5, 132.2, 129.2, 127.7, 126.5, 125.3, 
121.3. 
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Synthesis of fluorescein-modified PEI-Mal-B25 (fl-PEI-Mal-B25)  
PEI-Mal-B25 (5 g; 1.4·10-4 mol) was dissolved in 500 ml of MQ water. A solution of 
fluorescein 5(6)-isothiocyanate (53.8 mg; 1.4·10-4 mol) in anhydrous DMSO (27 ml) was added 
to the PEI-Mal solution and the corresponding reaction solution was stirred overnight at room 
temperature under light protection. Product fl-PEI-Mal-B25 was separated by dialysis using 
regenerated cellulose membrane (MWCO =  1kDa) against MQ water for three days under light 
protection followed up by a lyophilisation step. Low intensity of aromatic signal did not allow 
quantification of NMR spectra as exemplified by Figure 107. 
 
 
Figure 107. 
1
H NMR spectrum of fl-PEI-Mal-B25 in D2O.  
Synthesis of DABITC-modified PEI-Mal-B25 (d-PEI-Mal-B25)  
PEI-Mal-B25 (0.1 g; 2.8·10-6 mol) was dissolved in 100 ml of MQ water. A solution of 4-(4-
isothiocyanatophenylazo)-N,N-dimethylaniline (1.6 mg; 5.6·10-6 mol) in anhydrous DMSO 
(6 ml) was added to the PEI-Mal solution and the corresponding reaction solution was stirred 
overnight at room temperature under light protection. Product d-PEI-Mal-B25 was separated by 
dialysis using regenerated cellulose membrane (MWCO =  1kDa) against MQ water for three 
days under light protection followed up by a lyophilisation step. Low solubility of DABITC units 
did not allow their characterisation by 
1
H NMR. 
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Synthesis of glycidyl-modified PEI-Mal-B25 (glc-PEI-Mal-B25)  
Fl-PEI-Mal-B25 (0.1 g; 2.8·10-6 mol) was dissolved in 10 ml of MQ water and purged with 
argon for 10 min. Glycidyl methacrylate in the molar ratio 1:1, 2:1, or 10:1 was added to the 
solution and the corresponding reaction solution was stirred overnight at 40°C for 24 h. Crude 
products Glc1-fl-PEI-Mal-B25, Glc2-fl-PEI-Mal-B25, and Glc10-fl-PEI-Mal-B25 were separated 
by dialysis using regenerated cellulose membrane (MWCO = 1kDa) against MQ water for three 
days under light protection followed up by a lyophilisation step. Products were characterised by 
1
H NMR spectra (exemplified by Figure 108). 
 
Figure 108. 
1
H NMR spectra of fl-PEI-Mal-B25 and Glc10-fl-PEI-Mal-B25 in D2O.  
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8. Appendixes 
Appendix 1. Complexation capacities and encapsulation efficiencies of PEI-Mal towards 
ATP 
Table 35. Complexation capacity and encapsulation efficiency of PEI-Mal-A5 towards ATP in phosphate buffer at 
pH 7.4 for 1 hour after the mixing (data presenting the average of at least three measurements).  
G/H Complexation capacity Encapsulation efficiency [%] 
PEI-Mal-A5     
32 9.9 ±0.9 30.8 ±2.8 
128 20.2 ±2.1 15.8 ±1.6 
PEI-Mal-B5     
7 4.8 ±0.6 66.3 ±8.3 
30 9.4 ±1.7 31.2 ±5.8 
121 18.9 ±1.8 15.6 ±1.5 
PEI-Mal-A25     
21 15.4 ±1.5 74.0 ±7.0 
36 12.8 ±1.3 35.3 ±3.5 
146 41.1 ±4.7 28.2 ±3.2 
PEI-Mal-B25     
1.3 1.0 ±0.1 80.0 ±5.1 
8 5.1 ±0.5 66.3 ±6.3 
18 13.7 ±1.0 80.1 ±5.4 
32 14.3 ±1.6 57.3 ±5.1 
64 30.1 ±4.0 47.0 ±6.2 
128 46.0 ±4.6 36.9 ±3.6 
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Appendix 2. Dynamic light scattering results for mixtures of ATP and PEI-25kDa 
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Figure 109. Dynamic light scattering results for mixtures of ATP and PEI-25kDa in 10 mM PBS at pH 7.4 at 
different G/H. Measurements were done immediately after mixing of ATP and PEI-25kDa solutions. 
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Appendix 3. NMR spectra of ATP in the presence of PEI-25kDa or PEI-Mal-A25/-B25/-
C25 at different G/H  
(results only for H-8 and H-2 protons are presented) 
 
Figure 110. 
1
H NMR spectra of various amounts of ATP in the presence of 1.5 mg of PEI-25kDa in 10 mM PBS at 
pH 7.4. 
 
DIV1094.010.ESP
8.75 8.70 8.65 8.60 8.55 8.50 8.45 8.40 8.35 8.30 8.25 8.20 8.15 8.10 8.05 8.00
Chemical Shift (ppm)
8.78.8 8.58.6 8.38.4 8.18.2 8.0
Chemical shif t [ppm]
+0 µl
+10 µl
+20 µl
+30 µl
+40 µl
+50 µl
+60 µl
+70 µl
+80 µl
+90 µl
+100 µl
+110 µl
Appendixes  172 
 
 
Figure 111. 
1
H NMR spectra of various amounts of ATP in the presence of 5.8 mg of PEI-Mal-A25 in 10 mM PBS 
at pH 7.4. 
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Figure 112. 
1
H NMR spectra of various amounts of ATP in the presence of 5.0 mg of PEI-Mal-B25 in 10 mM PBS 
at pH 7.4. 
 
8.78.8 8.58.6 8.38.4 8.18.2 8.0
Chemical shif t [ppm]
DIV1023 EDITED.ESP
8.65 .60 8.55 8.50 8.45 8.40 8.35 .30 8.25 8.20 8.15 .10 8.05 8.00 7.95
Chemical S ift (ppm)
+0 µl
+10 µl
+20 µl
+30 µl
+40 µl
+60 µl
+80 µl
+100 µl
+120 µl
+140 µl
+160 µl
+180 µl
+200 µl
+240 µl
+260 µl
+280 µl
+300 µl
+320 µl
+340 µl
+360 µl
+380 µl
+400 µl
+440 µl
+480 µl
+520 µl
+600 µl
Appendixes  174 
 
 
Figure 113. 
1
H NMR spectra of various amounts of ATP in the presence of 3.3 mg of PEI-Mal-C25 in 10 mM PBS 
at pH 7.4. 
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Appendix 4. NMR spectra of ATP alone and in the presence of PEI-Mal-A25/-B25 at 
different timepoints 
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Figure 114. 
1
H NMR spectra of 1 mg/0.7 ml ATP alone (a-c) and after adding 5.8 mg of PEI-Mal-A25 (d-f) in 
10 mM PBS at pH 7.4. 
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Figure 115. 
31
P NMR spectra of 1 mg/0.7 ml ATP alone (a-c) and after adding 5.8 mg of PEI-Mal-A25 (d-f) in 10 
mM PBS at pH 7.4. 
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Figure 116. 
1
H NMR spectra of 1 mg/0.7 ml ATP in the presence of 5.0 mg of PEI-Mal-B25 in 10 mM PBS at 
pH 7.4. 
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Figure 117. 
31
P NMR spectra of 1 mg/0.7 ml ATP in the presence of 5.0 mg of PEI-Mal-B25 in 10 mM PBS at 
pH 7.4. 
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Appendix 5. Complexation capacities and encapsulation efficiencies of PEI-Mal towards 
RB 
Table 36. Complexation capacity and encapsulation efficiency of PEI-Mal-A5 towards RB in phosphate buffer at 
pH 7.4 for 1 hour after the mixing (data presenting the average of at least three measurements).  
G/H Complexation capacity Encapsulation efficiency [%] 
PEI-Mal-A5     
1.3 1.2 ±0.1 89.8 ±7.5 
6.4 3.9 ±0.4 61.1 ±6.3 
12.8 5.6 ±0.8 43.3 ±6.2 
38.5 15.4 ±1.5 40.1 ±3.9 
64.2 18.4 ±2.3 28.7 ±3.6 
128.4 29.6 ±3.3 23.0 ±2.6 
PEI-Mal-B5     
1.2 1.0 ±0.1 86.0 ±8.6 
6.0 3.0 ±0.4 49.6 ±6.6 
12.1 3.9 ±0.5 32.3 ±4.1 
36.2 12.5 ±3.3 34.6 ±9.1 
60.3 7.4 ±4.7 12.3 ±7.8 
120.6 16.0 ±4.8 13.3 ±4.0 
PEI-Mal-C5     
1.1 1.0 ±0.1 88.9 ±8.9 
5.4 3.3 ±0.5 60.0 ±9.1 
10.9 4.7 ±0.6 42.8 ±5.5 
32.7 11.1 ±1.3 34.0 ±4.0 
54.5 13.9 ±1.8 25.5 ±3.3 
108.9 21.7 ±3.9 19.9 ±3.6 
PEI-Mal-A25     
1.5 1.4 ±0.1 94.8 ±6.9 
7.3 6.8 ±0.8 93.6 ±11.0 
14.6 11.5 ±1.9 78.6 ±13.0 
43.7 28.3 ±3.5 64.8 ±8.0 
72.8 31.7 ±3.9 43.6 ±5.4 
145.7 47.7 ±5.1 32.7 ±3.5 
PEI-Mal-B25     
1.3 1.2 ±0.1 94.8 ±7.8 
6.4 4.9 ±0.6 76.3 ±12.5 
12.8 11.2 ±1.3 87.5 ±14.8 
38.5 29.4 ±2.8 76.5 ±9.1 
64.1 29.6 ±3.5 46.2 ±6.1 
128.2 57.9 ±5.0 45.2 ±4.0 
PEI-Mal-C25     
1.2 1.1 ±0.1 97.7 ±8.0 
5.8 5.4 ±0.6 93.7 ±15.3 
11.6 7.2 ±0.9 62.4 ±10.6 
34.7 27.5 ±4.1 79.2 ±9.4 
57.8 17.8 ±5.8 30.8 ±4.1 
115.7 37.5 ±4.2 32.4 ±2.9 
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Appendix 6. Characteristics of the UV-Vis spectrum of RB in the presence of PEI-Mal 
Table 37. Characteristics of UV-Vis spectrum of RB in the presence of PEI-Mal-A25 in 10 mM PBS at pH 7.4 
G/H, mixture Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
RB pure 0.741 549 517* 3.06 
RB/PEI-Mal-A25     
1 0.599 562 528 2.03 
2 0.576 562 529 2.24 
3 0.561 561 529 2.13 
4 0.550 561 529 2.08 
5 0.538 560 530 2.02 
6 0.528 559 532* 1.99 
7 0.526 559 532* 1.95 
8 0.507 559 532* 1.92 
9 0.506 558 531* 1.91 
10 0.514 557 531* 1.89 
12 0.491 557 531* 1.85 
14 0.535 555 530* 1.87 
16 0.522 554 530* 1.86 
18 0.527 553 529* 1.90 
20 0.635 553 528* 1.96 
30 0.664 551 520* 2.46 
40 0.706 550 518* 2.67 
50 0.732 550 518* 2.72 
100 0.789 549 518* 2.90 
RB/PEI-Mal-B25     
1 0.498 558 527 1.68 
2 0.489 557 527 1.62 
3 0.490 557 527 1.62 
4 0.488 557 527 1.61 
5 0.477 558 527 1.60 
6 0.473 558 527 1.59 
7 0.474 558 527 1.59 
8 0.472 558 527 1.58 
9 0.464 557 527 1.57 
10 0.455 558 527 1.57 
11 0.467 558 527 1.57 
12 0.459 558 527 1.56 
14 0.456 558 527 1.56 
15 0.452 558 527 1.56 
16 0.456 557 527 1.56 
18 0.449 558 528 1.55 
20 0.448 557 527 1.54 
25 0.459 556 528 1.56 
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Table 37 continuation     
G/H Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
28 0.468 555 533* 1.57 
30 0.473 554 531* 1.59 
32 0.457 555 531* 1.53 
36 0.487 553 531* 1.62 
40 0.491 552 530* 1.64 
44 0.468 553 530* 1.63 
48 0.522 552 524* 1.87 
50 0.561 551 522* 2.09 
100 0.650 549 517* 2.66 
RB/PEI-Mal-C25     
1 0.477 558 527 1.58 
2 0.469 558 527 1.55 
3 0.459 558 527 1.54 
4 0.456 559 527 1.52 
5 0.447 559 526 1.52 
6 0.443 558 526 1.51 
7 0.440 559 526 1.51 
8 0.434 559 527 1.50 
9 0.433 559 527 1.50 
10 0.429 559 526 1.49 
 12 0.446 559 527 1.50 
 14 0.440 559 527 1.49 
 16 0.430 560 527 1.49 
 18 0.431 560 527 1.49 
 20 0.436 561 527 1.49 
 30 0.424 560 528 1.46 
 40 0.432 555 532 1.48 
 50 0.524 551 522 1.97 
 100 0.659 550 517 2.72 
* the inflection point was taken for the maximum of the band 
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Appendix 7. Characteristics of the UV-Vis spectrum of RB in the presence of PEI-Mal  
Table 38. Characteristics of the UV-Vis spectrum of RB in the presence of PEI-Mal in 10 mM phosphate buffer 
solution at pH 2.0 
Time, mixture Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
RB/PEI-Mal-A25, G/H = 6     
1h 0.101 567 527 1.98 
3h 0.164 564 526 1.63 
5h 0.182 563 526 1.58 
24h 0.245 560 526 1.42 
48h 0.282 555 526 1.47 
72h 0.287 556 526 1.46 
96h 0.266 559 526 1.36 
168h 0.290 558 526 1.43 
RB/PEI-Mal-B25, G/H = 1     
1h 0.414 555 525 1.34 
3h 0.407 555 525 1.33 
5h 0.405 555 525 1.33 
24h 0.397 555 525 1.33 
48h 0.393 555 525 1.33 
72h 0.390 555 525 1.33 
96h 0.388 555 525 1.33 
168h 0.383 555 525 1.32 
192h 0.376 555 525 1.33 
RB/PEI-Mal-B25, G/H = 6     
1h 0.202 558 526 1.49 
3h 0.240 557 526 1.44 
5h 0.258 557 526 1.40 
24h 0.306 556 525 1.35 
48h 0.320 555 526 1.34 
72h 0.325 555 525 1.33 
96h 0.330 556 525 1.33 
168h 0.334 556 525 1.33 
192h 0.328 556 525 1.33 
RB/PEI-Mal-C25, G/H = 6     
1h 0.095 565 528 2.01 
3h 0.177 559 526 1.60 
5h 0.195 559 526 1.56 
24h 0.268 555 526 1.48 
48h 0.259 559 525 1.39 
72h 0.264 559 525 1.37 
96h 0.266 557 525 1.36 
168h 0.275 559 525 1.34 
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Table 39. Characteristics of the UV-Vis spectrum of RB in the presence of PEI-Mal in 10 mM acetate buffer 
solution at pH 5.4 
Time, mixture Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
RB/PEI-Mal-B25, G/H = 1     
1h 0.485 559 527 1.70 
3h 0.480 558 527 1.68 
5h 0.475 558 527 1.66 
24h 0.471 558 527 1.65 
48h 0.466 557 526 1.63 
72h 0.458 557 526 1.61 
96h 0.453 556 526 1.59 
168h 0.445 555 526 1.57 
RB/PEI-Mal-B25, G/H = 6     
1h 0.458 557 526 1.53 
3h 0.440 556 526 1.50 
5h 0.438 556 525 1.49 
24h 0.415 556 525 1.46 
48h 0.386 557 526 1.42 
72h 0.374 558 526 1.41 
96h 0.369 557 525 1.39 
168h 0.354 558 525 1.37 
 
 
Table 40. Characteristics of the UV-Vis spectrum of RB in the presence of PEI-Mal in 10 mM phosphate buffer 
solution at pH 7.4 
Time, mixture  Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
RB/PEI-Mal-A25, G/H = 6     
RB 0.698 549 517* 3.06 
1h 0.707 559 529 1.84 
3h 0.689 559 529 1.80 
5h 0.679 558 529 1.78 
24h 0.660 557 531 1.77 
48h 0.654 557 530 1.76 
72h 0.653 556 522* 1.90 
96h 0.646 555 522* 1.90 
168h 0.654 553 521* 1.96 
192h 0.652 551 519* 2.15 
RB/PEI-Mal-B25, G/H = 1     
1h 0.460 557 527 1.63 
3h 0.453 557 527 1.61 
5h 0.450 557 527 1.60 
24h 0.443 557 527 1.59 
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Table 40 continuation     
Time, mixture  Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
48h 0.438 557 527 1.58 
72h 0.432 556 527 1.57 
96h 0.432 556 528 1.57 
168h 0.417 556 526 1.54 
RB/PEI-Mal-B25, G/H = 6     
0h 0.473 557 527 1.59 
2h 0.462 557 527 1.57 
4h 0.456 557 527 1.57 
24h 0.444 557 527 1.57 
48h 0.441 557 527 1.56 
72h 0.454 557 527 1.51 
96h 0.440 557 526 1.52 
120h 0.428 556 526 1.51 
144h 0.417 556 526 1.52 
168h 0.418 556 527 1.49 
192h 0.384 556 526 1.50 
RB/PEI-Mal-B25, G/H = 12     
1h 0.310 557 527 1.54 
3h 0.276 558 528 1.50 
5h 0.245 559 530 1.49 
24h 0.221 557 527* 1.49 
48h 0.360 549 517* 2.68 
72h 0.385 549 517* 2.89 
96h 0.395 549 517* 2.97 
168h 0.384 549 517* 2.96 
192h 0.383 549 517 2.97 
RB/PEI-Mal-B25, G/H = 32     
1h 0.427 556 527 1.38 
3h 0.430 552 517 1.79 
5h 0.493 550 517 2.00 
24h 0.566 550 517 2.09 
48h 0.847 549 517 2.82 
72h 0.879 549 517 2.93 
96h 0.889 549 517 2.98 
168h 0.885 549 517 3.01 
192h 0.892 549 517 3.00 
RB/PEI-Mal-C25, G/H = 6     
1h 0.443 558 526 1.51 
3h 0.332 566 529* 1.46 
5h 0.283 565 531* 1.39 
24h 0.267 563 532* 1.36 
48h 0.264 558 531* 1.33 
72h 0.268 553 523* 1.48 
183 Appendixes 
Table 40 continuation     
Time, mixture  Aλ1 λ1 [nm] λ2 [nm] Aλ1/Aλ2 
96h 0.260 551 519* 1.73 
168h 0.289 551 519* 1.84 
192h 0.313 550 518* 2.05 
* the inflection point was taken for the maximum of the band 
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Appendix 8. AFM images of RB@PEI-Mal-B25 complexes 
Table 41. AFM images of RB/PEI-Mal-B25 mixture (G/H = 6) in 10 mM PBS at pH 7.4 and height profiles of the 
observed aggregates 
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Table 42. AFM images of RB/PEI-Mal-B25 mixture (G/H = 12) in 10 mM PBS at pH 7.4 and height profiles of the 
observed aggregates 
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Table 43. AFM images of RB30@PEI-Mal-B25 complexes in 10 mM PBS at pH 7.4 and height profiles of the 
observed aggregates 
Height Height profile 
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Table 44. AFM images of RB30@PEI-Mal-B25 complexes in MQ water and height profiles of the observed 
aggregates 
Height Height profile 
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Appendix 9. Time-dependent UV-Vis analysis of AR26/PEI-Mal-B25 mixtures 
Table 45. Time-dependent UV-Vis analysis of AR26/PEI-Mal-B25 mixtures at different G/H ratios in MQ water 
and 10 mM phosphate buffer solution at pH 7.4 
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Table 45 continuation 
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Appendix 10. AFM images of AR26@PEI-Mal-B25 complexes 
Table 46. AFM of AR26/PEI-Mal-B25 mixture (G/H = 50) in 10 mM PBS, concentration of PEI-Mal-
B25 = 0.5 mg/ml. 
Height Phase 
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Table 47. AFM of AR26/PEI-Mal-B25 mixture (G/H = 50) in 10 mM PBS, concentration of PEI-Mal-
B25 = 0.1 mg/ml. 
Height Phase 
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Table 48. AFM of AR26/PEI-Mal-B25 mixture (G/H = 50) in 10 mM PBS, concentration of PEI-Mal-
B25 = 0.05 mg/ml. 
Height Phase 
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Table 48 continuation 
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